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ABSTRACT 


An EF hand can be described as a linear sequence of 30 to 35 
amino acids, where the N- and C-terminal a-helical regions 
are flanking a 12-residue long calcium binding loop. The 
calcium ion is near octahedrally coordinated by oxygen 
ligands from the peptide backbone and side chains, or by 
water molecules. A number of proteins such as calmodulin, 
troponin C and parvalbumin possess up to 4 of these EF hand 
Sites. We have investigated some structural properties of a 
model EF hand in relation to its calcium binding affinity 
and the effect of calcium on the overall structure of the 
Site. We have synthesized several analogs of site III of 
rabbit skeletal troponin C because this site has a high 
affinity for calcium in the native protein (Kca ~10’M~') and 
Still retains its ability to bind calcium when isolated as a 
Cyanogen bromide fragment of troponin C (CB9 fragment; Kca 
~105M-'). A 12-residue long calcium binding loop 
(AcF''?S§TnC(103-114)) was initially synthesized but 
demonstrated only a weak affinity for calcium (Kca ~107M"'; 
Reid et a/]., 1980; Kanellis et a/]., 1983). The presence of 
the C-terminal region ( Joop-helix analogs, AcSTnC(103-123) 
and AcF''?STnC(103-123)) did not increase the ability of 
this site to bind calcium in aqueous medium (Kca 2-3 x 
10?M-'). However, the presence of trifluoroethanol induced 
the formation of an a-helix in the C-terminal part of the 


peptide (as monitored by circular dichroism) and resulted in 
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an enhancement of the affinity of the site for calcium (Kca 
3-9 x 10°M~'). The Sequential lengthening of the N-terminal 
region ( helix-loop-helix analogs; 26 residues, AcA°®®*- 
STnC(98-123)amide;: and 34 residues, AcA®*STnC(90-123) amide) 
led to a proportional increase in the calcium affinity of 
the resulting sites (Kca@ (26-residue), 4 x 10*M-'; Kca 
(34-residue), 3 x 10°M~') and of the peptide a-helical 
content in the presence of calcium. However, the affinity of 
all the synthetic analogs leveled off to ~ 10°5M~', in the 
presence of trifluoroethanol. Proton magnetic resonance 
results have indicated that the environment of side chains 
in both the N- and C-terminal regions are affected by the 
presence of calcium and that the elongation of the 
N-terminal region correlates with slower off rates for the 
calcium:peptide complexes formed. In summary, both the N- 
and C-terminal regions and their folding into an a-helical 
configuration represent important factors in the ability of 
the EF site to bind calcium. Reciprocally, the induction of 
helix in the N-terminal region of the EF site is dependent 


on the presence of calcium. 


The lanthanides because of their spectroscopic 
properties, were used as calcium analogs in order to answer 
questions relating to the geometry of a metalspeptide 
complex. The conformation adopted by a 13-residue long 
Synthetic peptide (AcSTnC(103-115)amide) around the 


lanthanides lutetium and lanthanum, was studied by proton 
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magnetic resonance techniques. These two metals were 
initially selected because of their diamagnetic properties 
(no unpaired electrons), their strong binding to this model 
peptide in apace to calcium and their difference in 
PoOnmcr madd USinGLU SP 02:86 Aish Ga? *y,.)01-00 309k sm Ca? *7,9 714100 vA) «= The 
'H NMR spectra observed for a lutetium titration of the 
peptide differed significantly from the spectra obtained for 
a lanthanum titration, indicating that the folding pattern 
adopted by the synthetic peptide around these metals is 
different. In addition, this synthetic analog has a weaker 
este Cy MLOrUGU 1s Agies exeoLO Ms.) than. for La’? Gist x 
10°M-'), indicating that the primary sequence of the loop 
region may well code for the formation of metal:peptide 
complexes involving cations of specific charge (calcium 
versus lanthanides) and size (lanthanum versus lutetium). 
Attempts were also made to reconstruct the geometry of this 
13-residue long analog as a lanthanide:peptide complex in 
solution. In the presence of lanthanum, addition of 
gadolinium results in the differential broadening of the 
proton resonances of this peptide. The magnitude of the 
broadening is inversely proportional to the sixth power of 
the distance separating the Gd°* ion and the proton nucleus 
investigated. Measurements of relaxation times were made at 
various times during the gadolinium titration of a 
lanthanum-saturated peptide solution. The calculated 
relaxation times values for a 1:1 gadolinium to peptide 


complex were then used to determine several proton-metal 
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distances in the complex. A series of possible conformations 
can then be generated for this metal:peptide complex, by 
using these distance restrictions as boundary conditions in 
a Bae tanc en aeoneeey algorithm devised by Kuntz and his 
co-workers (Havel et a/]., 1979; Kuntz et a@l]., 1979). We are 


presently pursuing this task. 


By uSing synthetic analogs of the N-terminal region 
alone (AcA°®*STnC(90-104)amide) and of the entire 
helix-loop-helix region (AcA’®*STnC(90-123)amide) in addition 
to a cyanogen bromide fragment containing site III of rabbit 
skeletal troponin C (CB9, HSer'?*STnC(84-135)), we have 
localized a phenothiazine specific binding site in the 
N-terminal region of site III of rabbit skeletal troponin C. 
This site is composed of hydrophobic and negatively charged 
domains that probably interact with complementary domains of 
phenothiazines. The primary sequence alignment of various EF 
hands has indicated that this phenothiazine binding site is 
a common feature to all EF hands. The binding site is 
generated by the proper positioning of side chains along the 
N-terminal region. This occurs when the N-terminal region 
adopts an a-helical arrangement. Such a folding pattern is 
partly induced by the presence of calcium. However, 
apo-troponin C and apo-calmodulin do possess preformed 
helical regions. Thus the action of calcium as a second 
messenger probably lies in its ability to induce and expose 


these hydrophobic sites upon binding to EF hand sites. 
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CHAPTER I 


INTRODUCTION 


A. CALCIUM DISTRIBUTION 


One of the most striking features of our universe is 
the unequal distribution and occurrence of its elements in 
nature. For example, a careful study of the composition of 
rocks making up the earth's crust reveals that oxygen 
accounts for about 47% of the crust by weight, while silicon 
comprises about 28% and aluminum, 8%. These elements plus 
iron, calcium, sodium , potassium and magnesium represent 


about 99% of the crust's composition. 


Figure I.1 indicates that the elemental distribution 
fluctuates dramatically from one source to another. In man, 
for example, silicon has been replaced by carbon as a 
Structural component of organic molecules. It is thus clear 
that the physical and chemical properties of each element 
are partly responsible for their selected concentration and 
role(s) in living systems. One further notices that besides 
the 4 essential elements involved in the organic chemistry 
of our body, the most abundant element is calcium . The bulk 
of this calcium however is present as an insoluble phosphate 
form and acts as a structural component in bones and teeth 


Geko: tor.a 70 kd man) e(Ochiai, 1977). 
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B. CALCIUM INVOLVEMENT IN CELL PHYSIOLOGY 


ie Control of cytosolic calcium levels 


One hundred years ago, Ringer (1882) showed that 
extracellular calcium was required for the normal 
contraction of frog heart. Experiments performed in the 
decades following the discovery confirmed that the level of 
extracellular calcium had a profound effect on the ability 


of cells to respond to stimuli. 


Table I-1 illustrates that several cations including 
calcium are present in the 10°'M to 10°°M range in blood 
plasma and other extracellular fluids (Guyton, 1971; Ochiai, 
1977; Kretsinger, 1979). The [Ca?*]Jout/[Ca’?*]Jin ratio is 
about 2.5 x 10% and suggests that cells possess one or 
several ways of translocating (transporting or relocating) 
this cation. Figure I.2 depicts the various regulatory 
mechanisms a cell may use to control the level of 
intracellular calcium. Calcium can be eliminated.by a 
Mg?*-dependent, ATP-driven transmembrane Ca’** pump 
(Schatzmann and Vincenzi, 1969; see review by Schatzmann and 
Roelofsen, 1977). Alternatively, the mitochondrium can 
regulate the cytosolic level of calcium by taking up calcium 
using the electrical component of its membrane proton 


gradient. This gradient is generated by ATP hydrolysis or 


| i . ved ©. > aa 
oO 9 ati aie Cs v.08: has ee 
tes i Haas a i | : i} 
ahh: NG par he Pe 
te Logity a: ty LS 
: 2ieval: ne, MULDSAD a sosorgs 2h 
} ui ; 
; 1 i oe ; th ot i i, 7 POR Say i) 
vee awards (SBR Seen ee . Ome at Sane bethaud ante 
ee ee yo RT ae , fie 


~ 
; 
Ea 
la 
+ 
+ 
ot 
aay 
es. 
= 
amd 
J 
& 
-- 
is 
¢€ 
a 
a —_ 7 
7 3 


rt 6 a! f te Shi Le ; Faas om 2 made ish was rt hi 1 es, 


~e PS 
- gwittte (aha eae iim 
7 i ; i. * awy Se oe rag doe oF t WA 
ty Cael? eet eels aout Ree! avogR ib ahd) im | 
to Aw = iss pb ad . 7 ia - 
a | ‘ Pn 


- 
oo’ 
a 
& 
<= 
Lad 
pes 
@ 
+ 


ant ao J09tTe ee so mpfDAts 


| Higa oy enguiaa’t oe w 


a it i : He he he ~ =e :. 

| | | sais | + ad ¥) ‘@ 

bank asoitso te ieee srapeseisid re a 
als pany : ie i 


pre My ‘ats oars 


tents 


1 Levee ad 
eae) 


6 “ desenimi te Oe ni 
qitua saan navineeah 


tvs os | ei 


bag | ananies edo? ya waives, on seoet eneaaiv Ba pr ‘ ienaie ; 
na mali baotso2 im ‘eta! dlavisacmmsth ete 
| muksten, qu eniies “a =i a0 fiver seteanieg 


er  naserg ane tise adt a 


2" 


i. “te anton a. pc 


Grete 
an 


ao 
jn 
_ 


: ’ 


TABLE I-1 


Distribution of Group IA and IIA cations and some key anions? 


Meu) Ciba Mas Cal CI PO,” HCO; 

Fluids (mM) (mM) (mM) (mM) (mM) (mM) (mM) 
7 b 

Blood plasma oc 3) Rs Chis” VS Coda 2/ 
Interstitial 143 4 de iy, 2,4? 27 
fluid 
Cytosol Mae Mie? oo 1e5. -< 10 38 10 
FH, cott acter) 80 250 20 5 
Aerobacter 410 124 5 
aerogenes 


“Taken from Ochiad #1947. 
PT aken from Guyton, 1971. 
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Fig. I.2 Mechanisms regulating the calcium concentration in the 
cytosol. MT, mitocondrium; Pump, membrane calcium ATPase 
pump; SR, sarcoplasmic reticulum (muscle cells only); 


SIN DV? f\L\ F\f\_ >» Calcium binding proteins. 
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respiration (Rottenberg and Scarpa, 1974, Carafoli, 1980). 
The divalent cation release occurs via a Na*-induced Ca?* 
efflux mechanism (Crompton et al]., 1976, 1978; Carafoli, 
1980). In the case of muscle cells, a specialized organelle 
called the sarcoplasmic reticulum offers an additional way 
for these cells to retain a finely tuned level of 
intracellular calcium. This organelle is composed of a 
network of vesicles arranged like a sleeve and covers each 
contractile unit. Calcium is sequestered in this network by 
means of an ATP-activated Ca’?* pump located in the vesicle 
membrane (Hasselbach and Makinose, 1963; Weber et a/]., 1966; 
MacLennan and Wong, 1971; MacLennan and Holland, 1975; Green 
et al., 1977). Blectrical stimulation of the muscle fiber 
will depolarize the reticulum membrane and release calcium 
into the cytosol. This event triggers muscle contraction. 
Finally, several intracellular calcium binding proteins are 
present (i.e. calmodulin, troponin C, parvalbumin, 
@abreguin) sand, bind calcium tightly .(kca.7107°M.to.105.?M) 
but their concentration and distribution is tissue specific 
in most cases. Calmodulin however has been shown to affect 
calcium translocation by modulating the cytoplasmic membrane 
bound (Mg?*-Ca?*) ATPase pump (Gopinpath and Vincenzi, 1977; 
Jarret and Penniston, 1977; Pershadsingh et a/., 1980) and 
the ATP-dependent Ca?* uptake by the sarcoplasmic reticulum 


iMeabanandeRembulla, 1978:sHorletral..,pas78).. Ltiis doubtful 
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that membrane phospholipids will play a role in controlling 
the cytosolic level of calcium since their interaction with 
this cation requires the presence of millimolar amounts of 


calcium (pkKca of 3 to 4) (Kretsinger, 1979). 


2. Spacial and temporal considerations 


The resting state of a cell is achieved when the 
cytosolic level of calcium is around 10°7M. This calcium 
level can still vary since chemical, electrical and 
mechanical stimulations will trigger the depolarization of 
the cell membrane and provoke a calcium increase to 10°°5M in 


the cytosol. This represents the excited state of a cell. 


The excited state of a cell may persist for long 
periods of time if a cascade of Ca’**-modulated events 
occurs. A situation such as cell division exemplifies a 
chronic case of calcium stimulation. In view of the frequent 
occurrence of such prolonged excited states, Kretsinger 
(1979) commented that the concept of resting and excited 
States of a cell had been oversimplified. A commonly cited 
example is that of muscle contraction where a rapid 
transition in cellular states exists. However, one fails to 
realize that muscle cells, by virtue of their sarcoplasmic 
reticulum and the optimized geometry of their structural 


components, are the exception rather than the rule. 
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A cell possesses a finite volume. Upon excitation, a 
competition between the calcium influx rate and the opposing 
rates from calcium translocating mechanisms means that the 
calcium concentration at various points in the cell will 
differ and calcium regulated events will be influenced by 
temporal and spacial factors. This point is illustrated by 
the surface diagram shown in Fig. 1.3. This diagram assumes 
the case of a spherical cell. The application of a stimulus 
will result in a rapid increase in cytoplasmic calcium level 
near the cell membrane but this calcium increase will be 
felt only later in time and to a lesser extent at the center 
of the cell depending on the length and pattern of 
Stimulation. Similarly, calcium sequestration will be slower 
in the center of the cell than near the membrane where the 
Mg?*-dependent, ATP-driven Ca’?* pumps are present. If one 
considers proteins such as parvalbumins and intestinal 
calcium binding proteins as specialized calcium buffering 
eoents, then their concentration and-location in® the=cell 
will certainly influence the duration and the extent of the 


calcium signal. 


Furthermore, little is known about the amplification of 
the calcium signal. Since cells can be chronically 
Stimulated by calcium, Ca?* must act by positive feedback to 
stimulate directly or indirectly, its passage through the 


cell membrane. Positive feedback mechanisms yield states far 
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Fig. 1.3 Variations in the intracellular calcium concentration 
as a function of time following a stimulus (X axis) 
and the distance from the site of calcium entry (Y axis). 
The cell was considered spherical and the movement of 
calcium in the cytosol was assumed diffusional [Adapted 
from Kretsinger, 1979]. 
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removed from equilibrium (resting state of the cell in our 
case). This may explain how irreversible events such as DNA 
transcription and cell division could occur. A negative 
feedback mechanism is present in the excited state of a cell 
and 1S represented by the sum of all the calcium 
translocation mechanisms mentioned earlier (Fig. 1.2). One 
can reason that a competition between both feedback 
mechanisms will modulate the cellular level of calcium. In 
Summary, the cytosolic level of calcium adopts a cyclic 
pattern as a function of time which induces either the 
resting state (10°-’M Ca?*) or the excited state (10°°M Ca?*) 


of the cell. 


Gaenobhs .OF CALCIUM IN LIVING SYSTEMS 


One can assign at least 3 major roles to calcium. 


1) Structural role: The high levels of cellular 
anions (Table I-1) and the chemical properties of Ca(II) 
favoring the formation of insoluble compounds with POj{-, 
CO, C;072°, represent the basic’ factors behind*the 
formation of bones and shells. Calcium can also play a 
Structural role at the protein level. For example, 
osteocalcin (Hauschka and Carr, 1982) is a 47- to 51-amino 
acid long protein containing 3 y-carboxyglutamic acid 


residues. It possesses a modest affinity for ionic calcium 
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(Kd: of 8 x 10°* M; Hauschka and Gallop, 1977) but exhibits a 
strong binding to calcium phosphate surfaces . Its a-helical 
content increases from 8 to 38% in the presence of calcium 
(Hauschka and Carr, 1982). Similarly, calcium binding to 
thermolysin affects the thermal stability of this 
proteolytic enzyme (Feder et a/]., 1971; Matthews et a/., 
1974). Finally, calcium is known to interact with negatively 
charged phospholipids such as phosphatidyl serine and 


phosphatidic acid and influence membrane fusion properties. 


2) Calcium as a protein cofactor: Thesnole. 0 teca a 1a6 
a cofactor appears limited to extracellular enzymes. Such a 
requirement is best exemplified by the esterolytic enzyme 
phospholipase A, (Verheij et a/., 1980) which cleaves the 
ester bond at the 2-acyl position of phosphoglycerides (Fig. 
I.4a). The calcium binding site lies close to the active 
Site and the proposed catalytic mechanism involves a ternary 
complex (Ca?*, protein, phosphoglyceride) where calcium 
interacts with the phosphate moiety of the phosphoglyceride 
Werheljnet aij. 1080, Diagkstratet al. 196 1)( Figs iee¢b).. 
Such a cofactor role for calcium was also observed in the 
case of the enzyme staphylococcus nuclease (Cotton et al., 
1971) where again the cation is in proximity to the active 
site. The catalytic mechanism however remains to be 


elucidated. 
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Fig. 1.4 Example of calcium acting as a cofactor in the cataly- 
tic mechanism of pancreatic phospholipase Ap. 
(A) Reaction catalysed by phospholipase Ap. 
(B) Catalytic mechanism proposed by Verheij et al., 1980. 
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3) Calcium as an intracellular regulator: This role 
concerns a network of regulatory proteins which have become 
synchronized to the cytosolic level of calcium. Calmodulin 
(Cheung, 1970) and its specialized version, troponin C (thin 
filament regulation of muscle contraction; Ebashi et al., 
1968) both possess several calcium binding sites sensitive 
to calcium concentrations of the order of 10°-°M. When a cell 
undergoes a transition from resting (10°’M) to excited state 
(10°5M), the secondary and tertiary structure of these 
proteins is altered to permit their interaction with 


regulatory proteins and enzymes and modulate their activity. 


Calcium represents an essential element of the cellular 
second messenger system (Wang and Waisman, 1979). In the 
last decade, investigators have characterized some of the 
biochemical pathways modulated by calcium. However, the 
triggering mechanism which occurs during the initial 
interaction of calcium with calmodulin or other homologous 
proteins remains poorly understood. In the last few years, 
Our group has focused its attention on this particular 
aspect of the calcium modulation scheme. Two major questions 


relevant to this mechanism can be formulated as follows: 
1.) Why was calcium selected for this messenger role ? 


This question remains largely unanswered although part of 


the solution lies in the chemistry of calcium. This aspect 
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will be discussed in the next section. 


2.) What structural features of calmodulin and other 
homologous proteins make them suitable to translate this 


chemical signal (i.e. calcium) into a biochemical one ? 


Calcium binding to these proteins results in an increase in 
their a-helical content (van Eerd and Kawasaki, 1972; 
Kawasaki and van Eerd, 1972; Burtnick and Kay, 1976, 1977; 
Klee, 1977; Wolff et a/]., 1977; Leavis and Kraft, 1978; Nagy 
and Gergely, 1979) and the exposure of hydrophobic regions 
fyonnson €C @/., 1978, 1983: LaPorte et al]., 1980- Tanaka 
and Hidaka, 1980, 1981) thought to interact with target 
proteins. This question will be discussed later in light of 


Structural information gathered on these proteins. 


D. CHEM# STRY? OFS CALCIUM 


It is reasonable to assume that the appearance of 
calcium preceeded by orders of magnitude in time, the 
occurence of proteins and other complex organic molecules. 
The structural features adopted by calcium binding proteins 
have thus evolved to match the physical and chemical 
properties of the calcium ion. Several cations that have 
analogous properties to calcium are either present in trace 
quantities or form insoluble complexes in an aqueous 


environment (i.e. lanthanides). In the case of sea water 
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(Fig. I.la), one realizes that besides Ca?*, sodium, 
potassium and magnesium are all present in elevated 
concentrations. Since the composition of this medium has 
probably remained unchanged through history and represents 
the environment of choice for the evolution of biological 
organisms, one may assume that the cations Na*, K*, and Mg?* 
represented natural constraints in terms of ionic radius, 
cation charge and choice of possible coordinating ligands 
imposed on the evolutionary development of calcium binding 


proteins. 


Tes Metals and ligands 


Ahrland et a]. (1958) have classified ligands and metal 
ions according to their preferential bonding properties. 
Class A metal ions include alkali and alkali earth metals 
eucit cas nL i SecCNats WK Sing up Cattvand sa tvarrety tof iArgher, 
oxidation state metals such as trivalent lanthanide ions. 
Class B are represented by heavy transition metals in lower 
Gxitcation S$tatesiitirse. tcut , iAgtisHg*teand eigt arbigands were 
classified according to their preference for class A or B. 
Pearson (1963,1968) suggested the term hard and soft to 
characterize the members of class A and B. The author 
proposed the rule of thumb that a hard acid like Ca’* 
prefers to bind to hard bases like nitrogen, oxygen and 


small electronegative halide ligands. The theoretical basis 
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for hard-hard interactions is that they are primarily the 
result of electrostatic or ionic effects as opposed to the 
covalent character (softness) arising from the presence of 


unpaired d electrons. 


Another important factor in the calcium chemistry is 
illustrated by the Irving-Williams series (Fig. I.5) where 
alkali earths (i.e. Mg?* and Ca’**) preferably bind to 
ligands in the order O>N>S. Williams (1970) summarized in 
Penetar terms, tme selectivity. of Na*s Ki, Ma*" and Ca?* for 
Simple binding sites in order to highlight features relevant 
to their biochemical roles. Firstly, Mg’?* is bound 
preferentially by nitrogen bases so that for multiligand 
Sites containing nitrogen ligands, the order of complex 
Stability will be Ma?" = Cat Na* > K* and thus sites 
showing a preference for Mg** often include at least one 
nitrogen. Secondly, calcium interacts preferentially with 
multidentate anions and strong acid anions (order of complex 
stability: Ca? g94Mg=>-Ner>-K mand inscontrast to 
preferred Mg’?* sites, the ligands are predominantly 
phosphate, carboxylate and sulphonate ones with no nitrogen 
ligands present. Finally, magnesium and calcium demonstrate 
a tighter binding to multiligand sites as compared to sodium 


and potassium. 


2. Radius ratio, r*/r7 
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Fig. I.5 The Irwing-Williams effect. The stability of the 
complexes formed increases through the series Ba-Cu. 
In the case of magnesium and calcium, the stability 
constant of the complexes formed also increases as 
One goes from nitrogen ligands to oxygen ones 
[Adapted from Sigel and McCormick, 1970 and Huheey, 
To7 20% 
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Since alkali and alkali earth metals are involved in 
electrostatic interactions with ligands, their charge and 
1onic radius represent important factors in bonding. The 
radius ratio (r*/r7) of-a metal ligand complex is simply the 
ratio of the ionic radius of the metal ion over the radius 
of the ligand involved. This quantity is useful in 
estimating the preferred geometry or coordination number of 
hard acids, since it indicates packing requirements for 
ligands around the cation (Huheey, 1972). For example, Fig. 
I.6a illustrates an octahedral arrangement of hydroxide 
ligands around a Ca’?* ion (Busing and Levy, 1957). The 
eaiculated r‘/r° Value is ,0f 0.71. Figure I.6b points ‘out 
that the minimal r*/r~ value for an octahedral arrangement 
is equal to 0.414. From packing considerations, one can thus 
calculated the limiting radius ratio for various geometries 
(Fig. 1.6c). In conclusion, one realizes that a r*/r- value 
of 0.71 suggests that the hydroxide ligands are octahedrally 


arranged around the calcium ion. 


a Charge effect 


One can appreciate the effect of cation charge on the 
Stability of the resulting complex by estimating the energy 
involved in bringing six hydroxide ligands and a calcium ion 
into the geometry diagrammed in Fig. I.6a. In the case of a 


@rystal Structure, this quantity is known as the lattice 
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Coordination Geometry Limiting, radius 
number ratio (r /r ) 
2 Linear 
0.155 
3 Trigonal 
0.225 
4 Tetrahedral 
0.414 
4 Square planar 
6 Octahedral 
0.732 
8 Cubic 
1.000 
12 Dodecahedral 


Fig. I.6 (A) Octahedral arrangement of hydroxide ligands -around 
calcium in Ca(0H)> [Adapted from Busing and Levy, 1957]. 
(B) Determination of the minimal rt+/r- value for an oc- 
tahedral arrangement of ligands around a cation. 
(C) Minimal values of radius ratio as a function of 
packing geometry. ’ 
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energy U and can be approximated as follows: 
The electrostatic energy involved between cation and ligands 


can be calculated from the relation 
Eo= Ne?/4 1c (Gite th<32 2 / re tee 7 / V2 Ee) 


where Ne?/47¢, NGseQual togliss9 kJmolwiAys tay and ed, 
represents the charge of the ligand and metal respectively 
while r, is the sum of the cation and ligand radii (1.00 A + 
1.40 A). Repulsive forces arising from the ligand proximity 
to the electron cloud of the cation will contribute 


positively to the lattice energy by a factor equal to 
EB. = NB/r” 


¢ 


where N and B are constants and r represents the distance 


between both ions. 


At an equilibrium distance (where r = r,), the net 
lattice energy U will reach a minimum represented by the 


difference between attractive and repulsive energies 
U = {-2.0147 Ne?/4neor, } + NB/re" 


The value B can be solved by differentiating this expression 


with respect to r and yields the value 
BS f20T47 "e/a teen Pre! 


and the term U can be simplified to 
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U ={ -2.0147 Ne*/4 negre } Get aya 


where n has a value between 9 and 10 and signifies that the 
repulsion term only contributes about a 10% decrease in this 
case to the minimal U value of the complex. Since we know 
the ionic radius of calcium (1.00 &) and of the hydroxide 
ligand (1.40 A; Waddington, 1959), the quantity r. can be 
calculated and U can be estimated to be about -1050 KJmol-'. 
Assuming a hypothetical increase in the cation charge to +3 
with no appreciable change in the metal ionic radius, then 
the factor SW Ay Acad ds oars becomes equal to -18/r, instead of 
12/0, (as in the’ caservor +2) rama" results* in’ ae <inal®val te 


hoo Wor -2, 400 Kodmor: “s 


One can thus appreciate that for the octahedral 
arrangement presented in Fig. I.6a, an increase in the metal 
charge of 1 produces a 1.5 fold increase in the minimal 
energy of the complex. One should however keep in mind that 
the charge of the anions or changes in ionic radius of 
either ligands or cation will affect the coordination number 
of the complex and alter correspondingly its potential 


energy. 
4. Mechanism of complex formation 


The formation of a calcium complex involves several steps. 


Figure I.7 indicates that in the initial event (step A), an 
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incoming ligand will form an ion pair with the hydrated 
cation. This association is termed an outer-sphere complex 
and 1s strictly a diffusion-controlled event. Following step 
A, the cation loses a water molecule from its inner-sphere 
complex. This dehydration step (step B) represents the main 
energy barrier to the formation of a calcium:protein complex 
and is rate limiting. The overall mechanism is often 
described as a SnN1 mechanism in view of the dehydration step 
(unimolecular nucleophilic substitution; Taube and Posey, 
1953; Eigen and Wilkins, 1965). Finally, the incoming ligand 
integrates the inner-sphere complex of the metal (step C). 
Since proteins can be considered as multidentate ligands, 
the calcium:protein complex will probably require a further 
dehydration of the cation which then may be promoted by the 


microenvironment of the protein (Reid and Hodges, 1980). 


Se Dehydration and complexation properties of Ca’* 


Since the rate limiting step in the formation of a 
calcium:protein complex is the substitution of a water 
molecule from the calcium inner-sphere complex, one should 
investigate some of the dehydration properties of alkali 
earths. Figure I.8 lists the characteristic rate constants 
(sec-') observed for the substitution of water molecules 
from the inner-sphere of metal ions (Eigen, 1963; Winkler, 


1972). One notices that water substitution rates generally 
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M(HA0), 
=D) +p STER A 
Formation of 
Outer-Sphere Complex 
“Rebar aml 
M(H,0) L 
STEP B 
0 -H,0 Dehydration of 
[nner-Sphere Complex 
Fa 4-1) 
M(H,0) 4 L 
ST BREE 
Ligand Replacement 
Inner-Sphere Complex 
+(a-b) 
(HO), 


Metal:protein complex formation. Description of an Snl 
mechanism for the replacement of a cation (M) hydration 
sphere with protein ayes ee ligands (L) valet and 
Wilkins, 1965]. M(H20)n is creas ee he outer- 
Sphere complex or the Ton pair and M(H20), is the 
inner-sphere complex. The reaction Ss eee le via an outer- 
Sphere complex [Adapted from Reid and Hodges, 1980]. 
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Fig. I.8 Characteristic rate constants (sec7!) for the substitu- 
tion of water molecules from the inner sphere of metal 
ions [Taken from Winkler, 1972]. 
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decrease with increasing charge and decreasing size of the 
metal ion. This observation is further emphasized in Table 
I-2, where an increase in the charge density of alkali and 
alkali earths correlates with a rapid decrease in their 
metal:water substitution rates. For example, Mg’?* displays a 
substitution rate for water molecules that is three orders 
of magnitude slower than in the case of Ca?*, thus water 
molecules are tightly bound to Mg?* as compared to calcium 
(a cation of equivalent charge). The difference in 
dehydration properties between these two metals becomes a 
crucial factor in the thin filament regulation of striated 
muscle tissue where parvalbumin and troponin C compete for 


the available calcium in the cytosol. 


Key factors that contribute to the stability of a 
calcium:protein complex in solution are a) the type of 
ligands coordinating the calcium ion and b) the free 
energy of hydration of this cation ( AGa; Table I-2). We 
will discuss in the next section that the Ca’*-binding sites 
on proteins are composed of multidentate oxygen ligands and 
as described earlier will preferentially bind Ca’** and Mg’* 
over K* and Na* ions (Williams, 1970). However, even if a 
calcium ion is dehydrated faster than a magnesium ion, the 
resulting calcium:protein complex may be thermodynamically 
less favorable than the magnesium one. One should thus 


analyse the free energy involved in generating these 
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TABLE I-2 


Some chemical and physical properties 


of Group IA and IIA cations 


Ionic 

Cation radius 
(A) 
Li’ 0.76 

+ 

Na P02 
Ky ee 
Beet 0.45 
Mg?* 0.72 
cact 1.00 


Charge 
density 
n-3 


(A 


0.54 
O25 
0.09 
5.24 
Lo2é 
0.48 


er AG: 
a 
(KJ/mole) 


ig 
412 
33/ 
2436 
1900 
1587 


Mere lena ter” 
substitution 
rate 


Cw ie eo ene 
mS —S  & CO WM 
x< x< x< x< x< x< 


(sec. 


1 


a . 4 . 
The values given correspond to cation complexes having 


a coordination number of 6. 


Taken from Shannon, 1976. 


PRepresent the charge to volume ratio where the volume 


of each cation was calculated from the given ionic radius. 


“Taken from Lehn, 1973. 


aya Tues are estimates taken from Fig. 1.8 [from Winkler, 
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complexes. 


The formation of a metal:protein complex in aqueous 


solution is described by the following equilibrium 


ty 


Mee (HE OUT eeu. P mM" D(HLO)y 


* (x-y)H>O 


The free energy term ( 4G) for this equilibrium can be 
approximated by AG =,AGb -, Ga where , Ga is the free 
energy of hydration of the cation (Table I-2) and AGDbD, the 
free energy for the protein:metal complex formation. The 
term AG is related to the equilibrium constant (Keq) for 


the complex formation by the relation 
AG = -RT ln(Keq) 


ana can also be described as a function of the effective 


radius ra of a complex by the relation 
AGo=i51B/(ra tya)de+ i [A/ral 


where ra is the sum of the cation ionic radius aa the 
effective radius of coordinated water molecules (0.85 &); A 
and B are constants associated with the charges involved in 
the water:cation and the protein:cation complexes; and e« 
represents the difference between the effective radius of 
coordinated water molecules and the radius of the incoming 


ligand. (Williams, 1970; Ochiai, 1977). In the case of 
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Drgands such “as CO;*, "POy) and EDTA , the quantity B is 
larger than A and the resulting AG value is negative and 
becomes increasingly negative as ra becomes larger. Thus 
Ca?* complexes involving these types of ligands possess an 
higher stability constant than the corresponding Mg?* 


complexes. 


In conclusion, a Ca?* ion loses its coordinating water 
molecules more easily than a Mg** ion does. In addition, 
calcium complexes involving polydentate ligands composed of 
carboxyl type ligands, exibit a greater stability constant 


than similar Mg** complexes do. 


BE. STRUCTURE AND FUNCTION OF CALCIUM BINDING PROTEINS 


Several proteins have one or several calcium binding 
Sites. Thermolysin has four such sites (Matthews ef al., 
1974), while trypsin (Bode and Schwager, 1975) and 
phospholipase A, (Verheij et al]., 1980) are enzymes 
possessing a single cation binding domain. Stereoprojections 
of their calcium binding regions (Fig. 1.9) illustrate the 


following common features: 


a) only oxygen ligands coordinate the metal, in agreement 
with the preferred order of calcium ligands mentioned 
previously, 


b) oxygen ligands are contributed either by carboxylic 
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Side chains of aspartic and glutamic acid residues, non 
lonic side chains from asparagine and glutamine residues, 
hydroxyl groups of serine and threonine, peptide backbone | 
carbonyl groups or simply from bound water molecules, 

c) the preferred calcium coordination number is 6 and the 
calcium binding site adopts a distorted octahedral geometry 


around the cation. 


The calcium association constants determined for these 
various calcium binding sites differ significantly however. 
In the case of the four sites of thermolysin, the pkKca 
values range from 4.7 to >6 (Matthews et al]., 1974; Voordouw 
and Roche, 1975). A tabulation of the binding affinities of 
several sites and the composition of ligands making up the 
coordination sphere suggests that no correlation exists 
between the number of carboxyl ligands (-COOH) and the 


calcium binding affinity of a site (Kretsinger, 1976). 


1; Criteria for calcium regulation 


Calcium regulation exists at the cytosolic level where 
the calcium concentration fluctuates from 10°’M (resting 
state) to 10°5M (excited state). The enzymes described 
previously are extracellular and function only in their 
calcium bound state since the large content of calcium in 


the extracellular environment (~10°-°M) will saturate their 
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calcium binding sites. 
The following equilibrium, 


Cacrs a (Pe as PCa?* 
where P and PCa’** represent the apopeptide and the calcium 
bound peptide states, possesses an association constant Kca 


defined by, 


KGanad= ebBCants 


bé6a42] bed 


Developing this expression in a form similar to the 


Henderson-Hasselbach relation yields, 


pCan = GpKCe + Log- [PCa *j/1P3 


If one uses the boundary conditions that pCa varies 
from 7 to 5 and that a calcium binding protein adopts either 
a metal-bound or a metal-free conformation at these two 
extremes in pCa values (5 and 7), then the optimal pkKca 
value for a calcium binding site should be equal to 6. The 
pCa values of 5 and 7 represent only estimates, and may well 
fluctuate between 4 to 5 and 7 to 8 respectively. Several 
calcium binding proteins present in the cytosol offer sites 
having a pkca@ value around 6. However, many of them can be 


regrouped under the same protein family since they possess 
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homologous calcium binding domains known as EF hand regions 


(Kretsinger and Nockolds, 1973). 


Pgs Concept of Mthe yee Nanagdomain 

Parvalbumin is a small acidic protein (7~11,000-12,000 
daltons) isolated from lower vertebrate muscles (Hamoir and 
Konosu, 1965; Pechere and Focant, 1965; Pechére et al., 
1971) that binds two moles of calcium per mole of protein 
(Pechére et a/]., 1971; Benzonana et al]., 1972; Nockolds et 
al., 1972). The determination of the primary sequence 
(Coffee and Bradshaw, 1973) and the crystal structure 
(Kretsinger and Nockolds, 1973) of carp parvalbumin has 
permitted the analysis of its two calcium binding sites. 
Both sites are homologous in their sequence and their 
tridimensional structure. Each calcium binding site is 
composed of a linear sequence of 30 to 35 amino acids where 
the N- and C-terminal a-helical regions are approximatively 
perpendicular to each other and are flanking a 12-residue 
calcium binding loop. Kretsinger and Nockolds (1973) 
suggested the term EF hand to depict these sites following 
their original crystallographic work on carp parvalbumin 
where the second calcium binding site was composed of E- and 
F- terminal helical regions represented by the index and the 
thumb of a right.hand.>;Figure, 4.10, iLlustrates.a,two= (A) 


and a three-dimensional (B) representation of an EF hand. 
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Fig. I.10 Representation of a model EF hand. 
(A) A two-dimensional representation of a heltx-loop- 
helix site. The jagged lines indicate the N- and C-ter- 
minal helical regions. These regions are flanking a 12- 
residue long calcium binding loop (labelled from 1 through 
12). The calcium coordinating residues in the sequence 
accupy positions. 1 (x),3,(Y),5 (Z)57)(Y¥),9: (-X) and 12 
(-Z). The side chain of the residue in position 7 (-Y) 
does not chelate calcium and is replaced by the peptide 
carbonyl oxygen from this residue [Adapted from Reid 
and Hodges, 1980]. 
(B) A tridimensional representation of the EF hand of 
carp parvalbumin along its a-carbon backbone [Taken 
from Kretsinger, 1977]. The E- and F-helical regions 
are approximatively perpendicular to each other as il- 
lustrated by the index and thumb of a right hand. 
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Note that the a-helical regions are partly initiated in the 


calcium binding loop. 


The primary sequence of rabbit skeletal troponin C 
(Collins 6m oalee 197s *Veorlins eta]. , 1977 ktand’vof some 
myosin light chains (Frank and Weeds, 1974; Collins, 1976; 
Jakes and Kendrick-Jones, 1976) were solved soon after the 
initial work on parvalbumins.. It was established from 
sequence homologies to parvalbumins that all these proteins 


possess EF hand sites. 


To date, at least six families of EF hand containing 
proteins have been established: parvalbumins, troponin C's, 
calmodulins, myosin light chains, intestinal calcium binding 
proteins and the brain specific S-100 proteins. Other 
proteins such as the tumour calcium binding protein, 
oncolmodulin (MacManus, 1981), the human and rat brain 
calcium binding proteins (Baimbridge et a/., 1980, 1982) and 
the smooth muscle protein, leiotonin C (Mikawa et a/]., 1978) 
may soon prove to be part of the superfamily of EF hand 
containing proteins. Two evolutionary trees have been 
constructed from the available sequences of EF hand 
containing proteins (Barker et a]., 1977, 1978; Goodman et 
al., 1979: Goodman, 1980; Fig. I.11). The branching of these 
trees differs significantly due to the methods adopted to 


construct them (Dayhoff, 1976). However, both approaches 
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Suggest that an ancestral gene coding for a primordial 
40-amino acid long calcium binding domain underwent 2 
SuccesSive gene duplications to produce a four-domain 
protein with domain I genetically closer to III, and II to 
IV. Gene deletions and mutations are thought to have led to 
proteins with altered EF domains such as; 

a) defunct and deleted sites in cardiac troponin C and 
parvalbumin, or 

b) distorted sites through insertion or deletion of 
residues as in the case of myosin light chains, S-100 
proteins and intestinal calcium binding proteins, or 

c) substitutions generating high-affinity calcium binding 
Sites as exemplified by site III and IV of troponin C and by 


the parvalbumin CD and EF sites. 


In view of the diversity of proteins containing such 
Sites, it is instructive to briefly highlight structural and 
functional aspects surrounding each of the six major protein 


families involved. 


cup Structure and function of EF hand containing proteins 


a. Calmodulin 


Calmodulin (CaM) is a small acidic protein distributed 
in a broad variety of tissues and species and appears to 


regulate a constantly increasing number of cellular 
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processes (see reviews by Wang and Waisman, 1979; Scharff, 
1981s Means ef “al. , (982)2" Figure 1.12 points out that 
calmodulin action lies in its ability to modulate the 
activity of a wide range of enzymes. This protein was first 
described by Cheung (1970) and Kakiuchi et aj]. (1970) as a 
required factor for the activation of a calcium-dependent 
phosphodiesterase, while Teo and Wang (1973) demonstrated 
that this activator was a calcium/binding, protein. 


Calmodulin action can be described by the following general 


scheme 
Ca?* + CaM ¢ CaM~Ca?* (ais) 
CaM~Ca?* + Enzyme(inactive) Ba 


CaM~Ca?*~Enzyme(active) 2) 


Calmodulin iS a 148 amino acid long protein (MW ~16,700 
daltons) and possesses four calcium binding sites. The 
calculated calcium association constants for these sites on 
calmodulin are usually near 10°M~' (Teo and Wang, .1973; Lin 
et a]., 1974; Watterson et a]., 1976; Klee, 1977), however 
values as high as 10’M~' have been reported at low ionic 
strength (Wolff et aJ., 1977). Wolff et al. also commented 
that in the presence of physiological levels of magnesium (~ 
mM range) and low ionic strength, calmodulin only binds 3 
moles of calcium. Calmodulin may represent a subunit of a 


particular enzyme as in the case of myosin light chain 
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Fig. 1.12 Calcium-calmodulin regulated enzymes 
[Adapted from Means et al., 1982]. 
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kinase (Dabrowska et a/]., 1978) and glycogen phosphorylase 
kinase (Cohen et a/]., 1978; Grand et a]., 1980) or it may 
interact with target proteins only in the presence of 
calcium. The amino acid sequences of bovine brain (Watterson 
6a] «241980:) tand efattitestis «(Dedman:-et ah. 11978) 
calmodulins have been found to be virtually identical 
including the presence of the rare amino acid e-N-trimethyl- 
lysine at position 115 (Jackson et al]., 1977). Only eleven 
amino acid substitutions and one deletion (position 146) 
have been observed in comparing the CaM primary sequence of 
the unicellular ciliated eukaryote Tetrahymena Pyriformis 
(Yazawa et a]., 1981) to the one obtained from bovine brain 
source, indicating that the primary sequence of calmodulin 
has withstood remarkably well evolutionary pressures (lida, 


1982). 


em Troponin C 


The calcium binding protein troponin C is found in 
Striated muscle cells (Ebashi and Endo, 1968) and is 
analogous in size (MW ~18,000 daltons) and sequence to 
calmodulin (Gohline et ai ,..1971; Barkemmet al.) 1976) . 
rabbit skeletal troponin C possesses two high-affinity 
(Ca Mo>*) binding sites (7 10’M~') and two calcium-specific 
sites (~105M-') (Potter and Gergely, 1975) while bovine 


cardiac troponin C possesses two high- and one low-affinity 
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calcium binding sites (Burtnick and Kay, 1977; Hincke et 
Biey 1978; (beavis and Kratt, 1978° Holroyde et a/., 1980). 
Table 1-3 lists the reported association constants for these 
two types of troponin C. Note that the presence of magnesium 
ions reduces the ability of the high-affinity sites to bind 


Calcium. 


Troponin C is part of an assembly of 3 subunit proteins 
forming the regulatory unit called the troponin complex 
(Tn). This complex is also composed of an inhibitory subunit 
Cavied! troponin I (Tnls MWes 215000 daltons) which interacts 
with actin and inhibits the actomyosin ATPase activation. 
Troponin T (TnTs MW ~30;500 daltons), the third component of 
this complex exists in association with tropomyosin (TM), an 
a-helical rod-like protein occuring as a coiled-coil dimer. 
All three members of the troponin complex bind to each 
other. These four proteins (Tn + TM) through a network of 
interactions are responsible for the calcium regulation of 


Striated muscle. 


In summary, it is following the depolarization of the 
muscle fiber sarcolemma (muscle cell membrane) that the 
calcium concentration in the muscle cell rises above 10° ‘°M. 
Calcium binding to the calcium-specific sites of troponin C 
induces a change in its secondary structure and this 


structural change is communicated through the Tn/TM contacts 


Oe 
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TABLE I-3 


Calcium and magnesium binding constants for skeletal and cardiac 


Troponin C 
2+ 
aha pa nC ng 
(mM) mM”) (M ~) 
Skeletal TnC? 
Troponin complex - 2 bx 10° 
- 2 Sead aoe 
2 4 5 x 10° Fogo? 
Purified ce 2 2 x10! 
subunit fl 5 ou 10° 
2 2 2x 10° Bx 10° 
i 2 2 2x 10° 
Cardiac TnC 
Troponin complex - (i OX 10° 
: 1 2x 10° 
4 2 2x 10/ #50102 
4 1 2x 10° 
Purified i 2 1 x 10’ 
subunit ws 1 a 10° 
4 2 4 x 10° 7 Oe 
4 1 3 xe lor 


“Taken from Potter and Gergely, 1975. 


PT aken from Holroyde et al., 1980. 
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to tropomyosin yielding its displacement toward the center 
oie tnesroactinegroovewtheg. I. 13a). Hasetqnove (1972), 
Huxley (1972), Parry and Squire (1973) originally postulated 
the steric blocking hypothesis where the myosin head was 
prevented from interacting with the actin filament in the 
absence of calcium, by the presence of the Tn/TM unit. The 
actin-myosin interaction was made possible by the movement 
of the tropomyosin molecule in the presence of calcium (Fig. 
I.13a). Controversy still exists about the position of TM on 
the actin filament in relation to myosin (Moore et al., 
1970; Seymour and O'Brien, 1980). The recent analysis of 
image reconstruction patterns from electron micrographs of 
myofibrils, has indicated a two site contact of myosin with 
actin (Taylor-andsAmos, 1?981¢-%Amos et a/., 1982). Figure 
I.13b depicts some recent modifications made to the original 
concept proposed by Haselgrove, Huxley, Parry and Squire. 
Although reconstitution experiments have proven the 
importance of troponin and tropomyosin in the regulation of 
Striated muscle contraction, the details of the regulatory 


mechanism remain unclear. 
ch Parvalbumin 
Parvalbumins represent a class of small acidic proteins 


(MW 712,000 daltons) present at high concentrations (~ mM 


Gange: Baron’ et!al.;, 1975) in a variety of fish and 
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Fig. I.13 (A) The steric blocking model. This model has been sug- 
gested for the thin filament regulation of muscle con- 
traction in striated muscle cells. A, actin; TM, tro- 
pomyosin; I, troponin I; C, troponin C; T, troponin T. 
In the absence of calcium (a), troponin I interacts 
with actin and prevents the interaction of the myosin 
head with actin. The binding of calcium to the regula- 
tory sites of troponin C leads to the movement of tro- 
pomyosin toward the center of the actin groove (b) and 
permits the interaction of myosin with actin [Taken 
from McCubbin and Kay, 1980; adapted from Potter and 
Gergely, 1974]. 

(B) Evolution in the positioning and interaction of com- 
ponents involved in the mechanism of contraction in 
striated muscle. A, actin; M, myosin head; @, tropomyo- 
sin position in the absence of calcium; O, tropomyosin 
position in the presence of calcium. (a) adapted from 
Moore et al., 1970, (b) adapted from Seymour and O'Brien, 
1980, (c) adapted from Taylor and Amos, 1981, (d) and 

(e) adapted from Amos et al., 1982. 
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amphibian fast muscle tissues (Deuticke, 1934; Hamoir et 
ain 2 AQGSFe noose yr Pecherei ett allgr 196572096980 1973) 20 Inwthe 
case of higher vertebrates, this protein has been isolated 
from 3 sources; rabbit and rat fast muscles as well as from 
rat brain tissue (Baron et al., 1975; Enfield et al]., 1975; 
Capony et al., 1976; Berchtold et a]., 1982a,b). One should 
note that the parvalbumin content in rat brain is about 100 
fold lower than in rat muscle and appears to be restricted 
to a distinct subpopulation of neurons (Celio and Heizmann, 


1981: Berthold et al.,. t982b). 


Parvalbumins were shown to bind two moles of calcium 
per mole of protein (Pechére et a]., 1971; Benzonana et al., 
1972; Nockolds et a/., 1972). The calcium binding affinity 
of these two sites ranges in values from 10% to 10°M"' 
(Benzonana et a/]., 1972: Pechére, 1977; Haiech et al., 
1979). Although the physiological role of these proteins 
remains unclear, Pechére (1977) suggested that parvalbumin 
participates in the contraction-relaxation cycle in fast 
muscle tissues, in light of 3 major points: 

i) Parvalbumins appear to be tissue-specific, being 
primarily found in fast skeletal muscle cells and probably 
do not serve a ubiquitous role as in the case of calmodulin. 

ii) This family of proteins does not interact with other 
proteins present in muscle tissue, in the presence or 


absence of calcium and does not represent a substrate for 
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phosphorylation (Demaille et al]., 1975). 

ii) “Their strong aftanit yefor calcium (Kd ~ 3-20 nM) and 
magnesium (Kd ~20-30 uM) means that parvalbumin binds two 
moles of magnesium ions in resting muscle (Haiech et al., 


19795) 1-5 mM Mo2*) in tresting muscle): 


The dissociation of magnesium ions occurs with a ty = 
23-230 ms (Haiech et a/]., 1979). This time delay allows the 
preferential binding of calcium to the calcium-specific 
ertes,of troponyn C orvcalmodulina(Potter ef al., 1977). 
Parvalbumin can thus be viewed as a relaxing factor, as its 
high concentration in muscle tissue permits the removal of 
all calcium bound to the calcium-specific sites on troponin 
C and calmodulin. The final step in the calcium cycle is 
expected to take place in the sarcoplasmic reticulum (SR) 
where parvalbumin loses its calcium and binds two moles of 
magnesium (Pechére, 1977; Haiech et a/., 1979; Gillis, 


1980). 


It is from the crystal structure of carp parvalbumin 
(Kretsinger and Nockolds, 1973; Fig. 4.14), that the concept 
of the EF hand has originated. The three-dimensional 
structure of troponin C (Kretsinger and Barry, 1975) and 
calmodulin (Kretsinger, 1980a) have since been approximated 
using the parvalbumin model. This site can be described as a 


linear sequence of 30 to 35 amino acids where a 12-residue 
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Crystal structure of carp parvalbumin. 
(A) Tridimensional representation of the a-carbon back- 


- bone of carp parvalbumin. The first 40 residues are 


highlighted by solid lines between a-carbons. Although 
this region of parvalbumin possesses two helical domains 
flanking a turn region (AB bend), it does not bind 
calcium [Taken from Kretsinger and Nockolds, 1973]. 

(B) Stereoprojection of carp parvalbumin. ©, a-carbon; 
@, calcium ion. 
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calcium binding region loops around the calcium ion. 
Alpha-helices are flanking this loop region from both sides 
(Fig. 1.10) and in view of such a geometry, the EF site is 


also referred to as a hel ix-Joop-helix domain. 


qi. Intestinal calcium binding proteins 


Taylor and Wasserman (1965) first reported the presence 
of a vitamin D-induced calcium binding protein in chicken 
intestinal mucosa. This type of EF hand containing protein, 
abbreviated ICBP (Intestinal Calcium Binding Protein), was 
subsequently purified from other animal sources (Kallfelz et 
al., 1967; Drescher and DeLuca, 1971; Harmeyer and DeLuca, 
1969: Hitchman and Harrison, 1972) and has been shown to be 
located in the cytoplasm of intestinal absorptive cells 
(Momrissey 6f ai.,  197Gbe ‘Taylor ef a]. 1981). These 
proteins can be regrouped into two classes on the basis of 
their molecular weight and the number of high-affinity 
calcium binding sites (Wasserman, 1980). Mammalian ICBP's 
(MW ~9,000 daltons) possess two calcium binding Dees 
(Kca~10*M-') (Fullmer and Wasserman, 1973; Dorrington et 
al., 1974, 1978: Shelling et al]., 1983). Avian ICBP's (MW 
~28,000 daltons) bind 4 moles of calcium per mole of protein 


(Kca~10*‘M-': Wasserman, 1980). 
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The sequence alignment of porcine and bovine ICBP 
(Hofmann et al., 1979; Fullmer and Wasserman, 1981) reveals 
the presence of two EF hand domains. The recently published 
crystal structure of bovine intestinal calcium binding 
Peorein \oZebeny. et eal. 1981s. Fig. 1.15) points out that 
the first calcium binding site is distorted by the presence 
of amino acid insertions in the loop region, in comparison 
to other typical EF hands. A similar situation appears to 
occur in site I of bovine brain §-100 protein (Calissano et 
al., 1974; Isobe and Okuyama, 1978,1981). Intestinal calcium 
binding proteins have been implicated in several functions 
but do not appear to serve any obvious biological role. 
Their synthesis requires the presence of 
la,25-dihydroxyvitamin D,. Because the presence of this 
metabolite in calcium-deficient rats immediately induces the 
intestinal absorption of calcium and that the appearance of 
ICBP clearly occurs in the hours following the absorption 
step, it was proposed that the protein is not involved in 
the initiation of intestinal calcium absorption activity 
(Spencer et a]., 1976; Morrissey et a]., 1978; Thomasset et 
al., 1979). Since a correlation exists between duodenal ICBP 
levels and the Ca’?* absorption activity, this protein may 
act as a buffering protein in diminishing increased 
intracellular concentrations of ionic calcium during the 


Stimulated absorption processes (Spencer et al]., 1978; 
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Fig. I.15 Crystal structure of bovine intestinal calcium binding 
protein. Stereoprojection of the a-carbon backbone. 
O, a-carbon; e, calcium ion [Taken from Szebenyi 
CtaG he: IS 
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Morrissey “et taraPerore= sSkinkiet arr Sea, 


e. S=100 proteins 


S-100 represents a mixture of protein dimers (MW 
“20,000 daltons) isolated from the central nervous system of 
mammals (Moore, 1965; Calissano et al., 1969). These protein 
dimers are composed of highly homologous a- and B-subunits 
giving rise to S-100a (af) and S-100b (88) proteins 
(Vincendon et a/., 1970; Isobe et al., 1977, 1981). Both 
Subunit chains have been purified and sequenced (Isobe and 
Okuyama, 1978, 1981). S-100 exists both in soluble and 
membrane bound forms (Rusca et a]., 1973; Haglid and 
Stavrov', “t973--"Donato ‘and Michetti, “1974s “Calissano ef a/]., 
1974). Although it is a protein primarily associated with 
the nervous system (glial cells), S-100 has been detected in 
several non-nervous tissues; for example, in the reticulum 
cells of lymph nodes (Takahashi et a]., 1981), in human T 
lymphocytes (Kanamori et a/]., 1982), in chondrocytes 
(Stefansson et al]., 1980). However, brain tissue contains 


10* times more S-100 than any other organ (Moore, 1965). 


The biological role of S-100 proteins remains unknown, 
however these proteins have been shown to facilitate the 
transport of y-aminobutyric acid (GABA) through nerve cell 


membranes (Hyden et a]., 1980), to stimulate the activity of 
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nuclear RNA polymerase in nuclei isolated from immature 

eohicken, braan.(Mianis Sf) a7 cal 973.).,.. to, induce the in vitro 
assembly of brain microtubules (Baudier et a]., 1982), and 
to be involved in the functional maturation of the nervous 


system (Labourdette and Mandel, 1978; Bock, 1980). 


S-100b protein has been shown to bind two moles of 
CalGium iper monomer. (B-chain) ati pH 8.5 (Kd .of 6 x .10°5M and 
2 x 10°*M respectively) whereas only one mole of calcium was 
bound per protein monomer at pH 7.5 (Kd of 2 x 107 ‘*M) 
CGakussano Cbralin, 419442 5Mani-et al...» 1983). -The 
pH-dependent conformational changes observed by ‘H NMR when 
the protein was titrated from pH 6.0 to 8.6 gave support to 
the concept that a crucial histidine residue (His-25) 
located in one of the calcium binding sites is deprotonated 
at pH 8.5 leading to the exposure of the site. It was also 
demonstrated that in the presence of physiological amounts 
of potassium ions (50-100 mM), the protein affinity for 
calcium at the pH 7.5 site was lowered to 8 x 10> *M. 
Examination of the primary sequence of S-100b (f-chain) 
reveals that two potential EF hand domains are present 
(Isobe and Okuyama, 1981). However, the first 
helix-loop-helix region (residues 1-40) is located in a 
cluster of positively charged residues. The sequence 
alignment of this particular site with other EF domains 


suggests that this site would adopt a distorted geometry as 
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in the case of site I of bovine intestinal calcium binding 


protein (Szebenyi et al]., 1981; Fig. I.15). 


ise Myosin light chains 


The contractile response in both muscle and non-muscle 
cells results.from the interaction of the globular portion 
of myosin filaments (myosin head) with the filament of actin 
polymers. It was mentioned in the discussion of the protein 
troponin C, that in the case of skeletal and cardiac muscle 
cells, the troponin complex in association with tropomyosin 
formed the key unit in the thin filament regulation of 
muscle contraction. In smooth muscle and non-muscle cells, 
the dominant regulatory system is at the level of the myosin 
molecule. As depicted in Fig. 1.16, myosin is composed of 
Six polypeptide chains. Two of the chains are called the 
heavy chains based on their molecular weight of ~200,000 
daltons while the four remaining chains are referred to as 
the light chains. These light chains are non-covalently 
associated with the head of the myosin molecule. It was 
demonstrated by chemical means (Weeds, 1969; Weeds and 
Lowey, 1971) that myosin possesses two distinct classes of 
light chains. Treatment of rabbit skeletal myosin at 
alkaline pH results in the total loss of myosin ATPase 
activity (represents an in vitro assay for the in vivo 


contractile response) and the concomitant release of two 
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Fig. I.16 Structure of myosin. A single myosin molecule can be 
viewed as being composed of a rod-like domain which 
serves a structural role and a globular head-like do- 
main to which is associated both the ATPase activity 
of myosin and its binding site(s) to actin. Abbrevi- 
ations: HMM, heavy meromyosin; LMM, light meromyosin; 
HMM S-1 and S-2, papain fragments of HMM; a, alkali 
light chain; d, DTNB light chain. 
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chains (MW of 21,000 and 17,000 daltons respectively) 
Pererred=tO "aS the*alkKkarrror essential "light chains (Kominz 
et al., 1959; Dreizen et a]., 1967; Frederiksen and Holtzer, 
1968). These alkali light chains of rabbit skeletal myosin 
have been sequenced (Frank and Weeds, 1974) and although 
they do not bind calcium ions, their sequence alignment 
indicates the presence of structural homologies with 
troponin C and parvalbumin (Weeds and McLachlan, 1974; Tufty 
and KretsSinger, 1975). Treatment of rabbit skeletal myosin 
Wren >, 5“=“direnrobirs—(2-nitrobenzoic acid) (DINB) leads “to 
the selective release of two light chains referred to as 
DTNB or regulatory light chains (MW, ~20,000 daltons; Weeds, 
1969). The loss of the DTNB chains has little effect on the 
ATPase activity or on the ability of myosin to interact with 
actine rhnts ‘type rot ‘hight’ chain, “either “rsolated or “as part 
of the whole myosin molecule, binds one mole of calcium per 
mole of light chain (Gaffin and Oplatka, 1974; Werber and 
Oplatka, 1974; Potter, 1975), but magnesium competes 
strongly@fior the “site im “intact myosin (Kca@ of 5 x» 10‘M"', 
absence of «Mg? > Keayof 5 x, 10°M *. Kaig of sux 105M", 

0.3 mM Mg?*) so that no significant amounts of calcium are 
bound under physiological conditions (~2 mM Mg’?*; ~10°°M 
Ca?*). In the case of the isolated DTNB chain, a calcium 
bindinguconstant: Ofen .2.5% 10°M>* has been calculated) from 


ellipticity measurements at 222 nm (Chantler and 
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Szent-Gyorgyi, 1978). Analysis of its primary sequence 
indicates that it is related to other EF hand containing 
BPeoteins.¢Collins,.1976) and that-site lout. of the .four 
possible domains probably represents the metal binding 
domain. In the case of smooth muscle and non-muscle cells, 
it is the phosphorylation of myosin regulatory light chains, 
that regulates the interaction of myosin with actin (Chacko 
Ceveais,4 Wide “Sobieszek, 1977). One Should note that no 
troponin complex has been identified in these types of 
cells. The phosphorylation is catalysed by a Ca’?*/calmodulin 
regulated myosin light chain kinase (Dabrowska and 
Hartshorne, 1978; Dabrowska et a]., 1978; Hathaway and 
Adelstein, 1979). Dephosphorylation of the chain occurs via 
a myosin light chain phosphatase (Morgan et a/]., 1976; Pato 
and Adelstein, 1980). The DTNB light chain of rabbit 
skeletal myosin was also shown to be phosphorylated (Perrie 
and Perry, 1970; Perrie et a]., 1973) although the 
regulation of contraction in skeletal muscle cells remains 


under the thin filament control. 


Ebashi and his co-workers (1982) have indicated the 
presence of the proteins leiotonin A and C in smooth muscle 
cells, and have suggested their role as the 
calcium-dependent regulatory complex involved in the actin 
linked regulation of smooth muscle contraction. However 


problems in purifying leiotonin A , coupled with the 
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demonstration that Ca’* regulation is effective at a 
leiotonin to actin molar ratio of less than 1:50 and the 
absence of interaction between this regulatory complex and 
tropomyosin, are major factors explaining why this mechanism 


has failed to gain general acceptance. 


A final regulatory mechanism, which exists in 
invertebrate muscle cells such as scallops has been 
described by Szent-Gyorgyi and his co-workers (see 
Szent-Gyorgy iy 1975) TS8O)RP Ins this: system, the actin 
binding site of myosin is regulated by calcium. In the 
presence of regulatory light chains (analogous to the DINB 
light chains of rabbit skeletal muscle), the actin-activated 
Mg?*-ATPase of myosin is depressed and the inhibition is 
reversed by calcium or by the removal of these light chains 


(Kendrick-Jones et. a] ©, 19707) "Szent-Gyorgyi- ‘et a]., 1973). 


One or both regulatory light chains of scallop myosin 
can be removed from the myofibrils by a short EDTA treatment 
(Szent-Gyorgyi et a]., 1973; Chantler and Szent-Gydrgyi, 
1980). These isolated regulatory light chains do not bind 
calcium strongiy (Kea, o7x 10°M 's King, 1x2 107,M-) 
(Chantler and Szent-Gyorgyi, 1978), but their primary 
Sequence indicates as in the case of other light chains, 
their relation to the superfamily of EF hand containing 


proteins (Jakes et a]., 1976; Kendrick-Jones and Jakes, 


By awit ns S vs: oe felabtieoes 
arty Ets 4 ye 1" aaa ite ‘oFsat sie vigow ot 
eros aga ahaa idawred! ibbasavesat | 
mes maaan whl waw ¢ tine pape oBT, sbtede wa yt vba 

; - nag coun, ee 08 | 


orn ' 


stetee 9 ki ong poeioae yregstupes, 


4) ne “3 


need eet egolispe! ae qa. alien, aloaua haa. 

ese) erediionsap abi an Bi, caging er we, 

atom 9A4 ose alii at ee (ret, oyons H 

at Wi hes oii A baretenea, ain be oye te eae ond 
aMTO eda ot awogel Las) ats 4 0m 


Ee 


ne 4 ay saat fe to , 
1 =e fn ¥ ue om Seay ane ee Les ia ae 
| | nq i ‘= ea "> baal Han oat seamen - tee 


r : 


(Ewes * Cae ts, fae 
ce r 


“diramtesid weedeat $mCHIe ac Tebe me i 
yy insseWesnese | bre solanedo ae eng ate t's pi 
ona gor of: si tages ubehues Botan | 

(ee “Ob ox que depo, x8 (SD § 
glam bey therd2 tos Caer 


a seine ddint t saisto’ 6 ates ee mk bois 


Di 


1977). These light chains bind calcium with a high affinity 
only upon recombination with myosin (Kca@ ~107-10%M"') 
(Kendrick-Jones et a/]., 1976; Bagshaw and Kendrick-Jones, 
1979). Finally, one should note that scallop myosin does not 
possess a phosphorylatable light chain (Frearson et al., 
1976; Jakes et al]., 1976) and no evidence has been found as 
yet that molluscan myosins require phosphorylation for their 


calcium sensitivity. 


4, Design of an EF hand domain 

Our understanding of how an EF hand domain binds Ca?* 
and communicates this chemical signal to the rest of the 
protein was largely based on primary sequence alignments and 
on the crystal structures of carp parvalbumin and bovine 
ICBP. Although major structural changes occuring in the 
presence of calcium could be assessed by fluorescence 
spectroscopy, circular dichroism and nuclear magnetic 
resonance, it was only upon the isolation of chemical and 
proteolytic fragments of parvalbumin and troponin C that 
some insight was gained on the basic structural requirements 
necessary for an EF hand to bind calcium. For example, 
Derancourt et a]. (1978) demonstrated that the tryptic 
fragments of carp parvalbumin representing the isolated CD 
(site I) and EF (site II) domains bound calcium weakly (Kca 


for) CDrisate reales OYMiVG Kcaclforr BFo'siteg! 3.32 xf 0%M"*) in 


2 
4 
rs 
4 fry t ime rm / E aI j f 
. ’ Ne! ae, 1) AD od & Ay 
rome ae - Or St) ei show, Pee gee démeoe2 momma) 
\ Ae ye mA i i oe | Patek 7 ay ei aay it v “ 
- pnw ededed “Hare? ; ae od eens Se kate ts cal 
a Band Boye + tanh ston Bivads ome a i fend’ y (ete 
& te cosis0tt)_ dkame ganpi tetas iqeoaq, 7 nee 
2 ve ay ‘ ” 3 5 : 
‘ = ‘ | 
r ; x ’ \e s 
fy t03 pred ; sifppey aebzogm au fom 
Bk a : LEu192 
; | : im 
, ; b : a ; a aT ; We 
eer ne ee Pe 
Rite i 2 ate 
bretets om wos id 
ad § 1: ee MOD ornett a oe oi: io ppl nit o 
\ i 
¢ ——, 
gid to Yeow eng og, Saag, team apts. gat —— 
A = a ea : ‘ies i a we 4 
; e oe | 
has etnemapt le. ee ota Sheet at 0 tie ] oe Bd, 2s ‘nies 
ay Le Py : : ; f fl 
a eal a> Wy sat faa a ie wil da m8 


nd vt of — a 
sA7 wt ermbsuopge as sie forgone ete sepodala, ae 


AIAS2EP sopry , e Ba nigsts oa pigs — to spneae af 


2, me, alt ; ” 


bit tesimatts To's ikea 7 mocqu gin 


| tint: > nt ago is Gis. oditadte vtec 40 séndingen kagae 
Aly, i Tis th ‘ - 


esis he Tess ta | aa eso 20 ing oud em: Lal 


oy yatameus: 108 ee ba Said eo. pnd 1 cry wot t 
i ehaeesd wits sada! weteesanced teeer) je 39 Sy 
sche sire i 
os auitotes a ib (Tl otie) Se 


4 


oa, betmtont ed pata 


58 


somparisonotowtheir?¢€as*cbindingaaffinityiam the intact 
protein (Kca ~10’M"'). It was thus apparent that although 
each calcium binding region was intact, the overall tertiary 
structure of the protein contributed in part to the calcium 
binding ability of the sites. This was evident also in the 
case of cyanogen bromide fragments representing site II 
(kheamestsx d0°Mitjeandtseteel iia (Kcaposaxid0eMitiwofirabbit 
skeletal troponin C where a nearly hundred fold decrease in 
Ca*?* affinity was noticed as compared to the same sites in 
the purified protein (Potter and Gergely, 1975; Leavis et 


Ajay t 1878% 


However, the calcium binding constants calculated for 
these isolated single sites fluctuate in value by three 
orders of magnitude. Reid and Hodges (1980) proposed that 
the difference in affinity between these fragments could be 
rationalized at least in part by the amino acid composition 
of the twelve residue sequence involved in the chelation of 
the calcium ion. Their hypothesis suggested that a single 
site containing four acidic side chains (two acid pairs) 
arranged on the + axes ccordinates (+X, +Z) would minimize 
ligand repulsions and would thus offer a higher complex 
Stability. Another key factor was a possible mechanism of 
dehydration involving the presence of hydrophobic residues 
at position 7 (-Y) and position 10, of the calcium binding 


loop. These residues aided in the removal of the first 
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molecules of water from the hydrated calcium ion 
inner-sphere complex leading to a destabilization of the 
remaining water molecules and the initiation of a 
protein:metal complex formation. Both these aspects were 
discussed in part earlier in the introduction. Since the 
hypothesis relied heavily on the information gathered from 
fragments of different size and amino acid composition, a 
major criticism to this hypothesis was that the loss of 
local elements of secondary structure (a-helical regions for 
example) could account for the large discrepancy observed in 
their respective calcium binding affinities. The validity of 
the hypothesis could however be assessed by synthesizing a 
model EF hand domain and by varying both its size and amino 


acid composition. 


Fe ADMS OF OTHE SPROUECT 


A research project always starts with a clear, simple 
idea. Hovewer when clear results are finally obtained, their 
interpretation often yields possibilities that were not 
covered by the original simple concept. This statement 


depicts well how my project has evolved. 


Initially, a hypothesis postulated by Reid and Hodges 
(1980) suggested that the primary sequence of a 12-residue 


calcium binding loop encoded for 1) metal specificity and 
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2) stability of the metal:peptide complex. My initial goal 
was to prove this concept by synthesizing various analogs of 
a 12-residue calcium binding site. We had decided that site 
III of rabbit skeletal troponin C was a region of choice 
Since the study of Potter and Gergely (1975) had indicated 
Msohignh-arrinity for*calcium in the nativesprotein;: This 
region also appeared to retain its calcium binding ability 
when isolated from a cyanogen bromide digest of rabbit 
skeletal troponin C (Leavis et a/]., 1978; Nagy et al., 
1978). One should note that the information gathered on this 
particular site had previously influenced the formulation of 


our single site model (Reid and Hodges, 1980). 


It was realized early in the project, that the calcium 
affinity demonstrated by a 12-residue segment of this site 
(residues 103 to 114) was too low (Kca@ in the order of 
10?7M-') to permit an evaluation of our model (Reid et al., 
1980). My project was then reoriented towards the analysis 


of 2 major issues. 


The first issue dealt with the amportance of the C- and 
N- terminal regions flanking the metal binding loop as 
Stabilizing factors for the metal:peptide complex. This 
question was partly answered by synthesizing analogs having 
both helical regions and by monitoring individual side chain 


movements (by 'H NMR) and perturbations of the secondary 
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Structure (by circular dichroism) occuring upon calcium 


addita ons 


The second issue was primarily a technical one. We 
essentially wanted to study the sequence requirement at the 
metal binding site and especially the ligand arrangement 
involved in the coordination sphere. We wanted to reduce the 
peptide size to a minimum to simplify its analysis by 'H 
NMR. In order to regain the metal specificity of small 
Synthetic peptides representing only the calcium binding 
domain, we decided to make use of lanthanides as substitutes 
toucalcium,. This part) Ofvmy project proved to be quite 
informative in pointing out the importance of metal charge 
and radius, in the ability of these sites to bind metals. 
Since most lanthanides have unpaired 4f electrons, they 
possess spectroscopic properties that can be advantageously 
used in NMR spectroscopy to yield distance measurements. We 
thus made use of the relaxation probe gadolinium to measure 
some metal to proton distances in an attempt to reconstruct 


the geometry of the metal binding site. 


Finally a third aspect to my project came about as a 
consequence of calcium-induced folding. By making use of 
synthetic and natural fragments of site III in conjunction 
with the antipsychotic drug trifluoperazine, we have located 


a phenothiazine binding site in the calcium-sensitive 
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portion of the N-terminal region. Since this region of 
rabbit skeletal troponin C is homologous to a fluphenazine 
binding region of calmodulin and represents a known site of 
interaction with troponin I, it was expected to adopt a 
particular conformation suited for specific protein-protein 
interactions. We decided to analyse the relevant features of 


this site. 
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CHAPTER’ 11 


EXPERIMENTAL PROCEDURES 


A. SOURCES OF CHEMICALS AND SOLVENTS 


All chemicals and solvents are reagent grade unless 
otherwise stated. Methylene chloride from Fisher Scientific 
was distilled over CaCo, alee to use. Diisopropylethylamine 
was distilled first over NaH and then over ninhydrin prior 
to use. Picric acid from Eastman Organic Chemicals, 
Rochester, New York, was dissolved in methylene chloride and 
dried over MgSO, before use. Trifluoroethanol, 99%, Gold 
. Label, and N,N-dimethylformamide, spectrophotometric grade, 
Gold Label, were purchased from Aldrich Chemical Company, 
Inc., Milwaukee, Wisconsin. Boc amino acids purchased from 
Spinco Division of Beckman Instruments Inc., Palo Alto, 
California, Protein Research Foundation, Japan, Vega-Fox 
Biochemicals, Tucson, Arizona, and Bachem Fine Chemicals, 
Inc., Marina Del Rey, California, were used without further 
purification. Copoly(styrene, 1% divinylbenzene) 
chloromethyl resin (0.9 mmol of chlorine/g of resin) was 
purchased from Pierce Chemical Co., Rockford, Illinois. 


Copoly(styrene, 1% divinylbenzene) benzhydrylamine 
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hydrochloride resin (0.51 mg of nitrogen/g of resin) was 
purchased from Beckman. DEAE Sephacel was purchased from 
Pharmacia Fine Chemicals and hydroxyapatite DNA Grade 
Bio-Gel HTP was purchased from Bio-Rad Laboratories. 
Lanthanum chloride, gadolinium chloride and lutetium oxide 
were obtained from Alfa Inorganics-Ventron, Beverly, 
Massachusetts while calcium chloride was purchased from 
Fisher Scientific. Deuterated water was obtained from 
Bio-Rad, Richmond, California. The sulphydryl reagent 
§,5'-dithio-bis(2'-nitrobenzoic acid) (DTNB) was purchased 
from Pierce Chemical Co., Rockford, Illinois. The drugs used 
in this study were generous gifts from the following 
companies: Trifluoperazine, Smith Kline and French Ltd., 
Montreal, Quebec; cis- and trans-thiothixene, Pfizer Inc., 
Groton, Connecticut; Benperidol, Janssen Pharmaceutica, 
Beerse, Belgium; Haloperidol, McNeil Laboratories, 
Stouffville, Ontario; Molindone, Endo Laboratories, Garden 
City, New York; Chlorpromazine and Promethazine, Poulenc 
Ltd., Montreal, Quebec; Fluphenazine, E.R. Squibb and Sons 


Ltd., Montreal, Quebec. 
B. AMINO ACID ANALYSIS AND PEPTIDE QUANTITATION 
Routine amino acid analyses were performed on a Durrum 


D-500 amino acid analyzer. Quantities of peptides were 


determined from either amino acid analysis after hydrolysis 
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in 6 N HCl in evacuated sealed tubes at 110°C for 24 h using 
the mean of the molar ratios of all accurately measurable 
amino acids in the acid hydrolysate to calculate 
concentration. In the case of the peptide AcA°*®*STnC- 
(90-123)amide, the concentration could be alternatively 
estimated by measuring the optical density of the peptide 
dissolved in 100 mM MOPS, 50 mM KCl and 1 mM EGTA at pH 7.2 
using an «2,5; of 1.708 x 10° M>* cm ™' determined using 
quantitative amino acid analysis. One can also determine the 
concentration of a solution of peptide AcSTnC(103-115)amide 
by meaSuring its absorbance at 280 nm and uSing an € 2., 


vVouue Or 200 Mm “em 7. 


ec: MELTING POINT MEASUREMENTS AND ELEMENTAL ANALYSIS 


Melting points were determined on an electrothermal 
melting point apparatus and are uncorrected. Elemental 
analyses were performed at the Microanalytical Laboratory, 


Department of Chemistry, University of Alberta. 


D. THIN LAYER CHROMATOGRAPHY 


Thin layer chromatography was carried out on Silica Gel 
60 F.5. plates (0.25 mm) purchased from E. Merck, Darmstadt, 
Germany, using the following solvent systems: chloro- 


form:methanol:acetic acid in ratios 85:10:5 v/v (system A); 
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acetone-acetic acid in a ratio 98:2 (v/v) (system B); and 
1-butanol-acetic acid-water in ratios 4:1:1 v/v (system C). 
Peptides were detected directly under ultraviolet light or 
by treatmentowith manhyerin spray (0.2% in acetone) after 
removal of the Boc-group by exposure of the dry thin layer 
plate to HCl fumes for 15 min. The peptides were declared 
homogeneous by thin layer chromatography when no impurities 
could be detected in the solvent systems described after 


application of 300 ug of peptide to the plates. 


E. SDS GEL ELECTROPHORESIS 


Gel electrophoresis was typically performed on 12% 
acrylamide 6 M urea gels (Weber and Osborne, 1969). Samples 
were dissolved in a buffer containing 6 M urea, 0.03 M 
NosHrOs, 0,02 M Nao PO; ate scbs,. 1a p-mercaptoethanol, pH 
7.0 and heated at 60°C for 1 hour. Bromophenol blue was used 
as the tracking dye (0.0005% w/v in the sample buffer 
mentioned above). The running buffer composition was of 0.06 
MONa) HPOw 0.04 eM Nol] POw. 30.) SDS) @He7 sO ALT er 
electrophoresis, gels were first washed in methanol/acetic 
acid/water (1:1:8, v/v/v) for 1 hour in order to remove the 
excess detergent. They were then stained for 30 minutes with 
Coomasie Brilliant Blue R-250 (0.25% solution in 
methanol/acetic acid/water, 5:1:4, v/v/v) followed by a 12 


to 48 hours destaining period in methanol/acetic acid/water 
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(1:1:8, v/v/v) to insure the removal of unbound dye. 


1 a8 PAPER ELECTROPHORESIS 


Bs Experimental procedure 


Paper electrophoresis was performed at pH 6.5 and pH 
1.8 on Whatman #1 electrophoresis paper. The buffer systems 
were pyridine/acetic acid/water (100:3:900 , v/v), pH 6.5 
Snumcormic acid/acetic acid/ water (1:34:459,iv/v)),) pH 18. 
Samples were lyophilized and dissolved in a minimal volume 
of the buffer system used or any volatile solvent in order 
to facilitate sample application. Standards representing 
mixtures of amino acids were also prepared in the above 
buffer. Following the spotting of samples and standards, the 
paper was folded along the sample line and was wetted on 
both sides of the line with the running buffer. After the 
buffer front has reached the line simultaneously from both 
Sides, the paper was blotted carefully, placed in a tank 
containing the running buffer. Electrophoresis was carried 
out at 60 volts/cm for 45 minutes. The peptides were 
visualized by spraying the paper electrophoregram with the 
ninhydrin:cadmium acetate reagent of Heilmann et a/. (1957). 
Color development was achieved by drying the paper in a 60°C 


chamber for 15 minutes. 


Zo Ninhydrin:cadmium acetate solution 
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This solution was freshly prepared and was composed of 
a ninhydrin acetone solution (1 GmIn pyar nee oO Or ml OF 
acetone) mixed with a cadmium acetate solution (1 9 cadmium 
weerave, SO mr-aceticracra/ fOO0 ml water) "in “ao? to Ff 'ratro 


tv/v)’. 


4 Peri DE SYNTHESIS 


ars Solution synthesis 


Because of synthetic problems associated with the 
stepwise solid phase synthesis of Boc-amino acids to prepare 
analogs of site III of rabbit skeletal troponin C, solid 
phase fragment couplings were carried out in the later 
Stages of the synthesis in order to secure a proper yield of 
the final peptides. This section discusses the use of 
solution phase methods where N-hydroxysuccinimidyl esters 
(Anderson et al., 1964) were employed for the stepwise 


synthesis of four protected peptides. 


a. Synthesis of Fragment A, Boc-Lys(Z)-Ser(Bzl)-Glu- 


(OBz1l)-Glu(0OBzl)-OH 


Boc-Glu(OBzl)-OSu (I) was prepared by a previously 
described method (St-Pierre and Hodges, 1977). A solution of 
a-benzyl glutamate (2.5 g; 10.5 mmol) dissolved in warm 


water (100 ml) was added to Compound I (4.35 g; 10 mmol) in 
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dioxane (50 ml). Sodium bicarbonate (882 mg; 10.5 mmol) in 
water was added with vigorous stirring and the pH maintained 
between 7 - 8 while stirring the reaction mixture at room 
temperature for 24 hours. The dioxane was removed in vacuo 
at 30 °C, then the aqueous residue was diluted with 100 ml 
of water and cooled to 0 °C. The pH was ajusted to 3 with 
ice cold 0.1 N HCl and the solution extracted with ethyl 
acetate (3 x 150 ml). The organic extract was washed with 
water (3 x 150 ml) and saturated sodium chloride (200 ml), 
then dried over anhydrous sodium sulfate. The dry solution 
was filtered and the solvent evaporated in vacuo to give 
Heeoueg (yield 98%) or theroily product Boc-Glu(OBz1)-Glu- 
(OBz1)-OH (II) which did not crystallize but was homogeneous 


by TLC: Rfi(system A) 0.55, (system B) 0.57. 


Gompound II (5.545 %q" 9.8 mmol) was dissolved in .2 
N HCl1/ dioxane (9 ml) and left to stand at room temperature 
for 2 hours taking adequate precautions against moisture. 
The solution was evaporated to dryness and the oily residue 
triturated with anhydrous ether to give 3.28 g of the 
hydrochloride salt (III), a white hygroscopic solid (yield 


67%): Rf (system C) 0.60. 


Boc-Ser(Bzl)-OSu (IV) was prepared as described for 
Compound I and obtained in 83% yield: m.p. 108-110 °C, Rf 
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OF TENEW. 9392.43): -CHYSSG45s HH) 69 184ON,. 764400 Potnda: Cc, 


S74G9""Hs CGLO1S*N? 62.642 


Compound il (3428 gq 7.77 mmol) was dissolved in water 
(25 ml) and sodium bicarbonate (1.3 g; 15.5 mmol) was added 
with vigorous stirring followed by Compound IV (2.9 g; 7.4 
mmol) in dioxane (30 ml). The pH was maintained between 7 - 
8 while stirring at room temperature for 24 hours, then the 
reaction mixture was worked up as described for Compound II 
yielding 3.8 g (yield 70%) of Boc-Ser(Bzl)-Glu(OBzl)-Glu- 
(OBz1)-OH (V) as a white hygroscopic solid: Rf (system A) 
0.57, (system B) 0.65 . Amino acid analysis : Ser (1.04), 


Glu (1.95). 


Compound V (3.8 g; 5.2 mmol) was dissolved in 2N 
HCl/dioxane (5 ml) and left to stand at room temperature for 
2 hours. The hydrochloride salt (VI) was isolated as 
previously described to give 3.4 g of a white solid (yield 
97.5%) which crystallized from ether: pet. ether (1:4 v/v): 


m.p. "60™/0°@ Co RE “(System C).'0. 61%. 
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Boc-Lys(Z)-OSu (VII) was prepared as described for 


Compound I and obtained in 81% yield: m.p. 70-71 2Ce RE 
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Compound VI (3.4 g; 5.07 mmol) was dissolved in water 
(20 ml) and sodium bicarbonate (852 mg; 10.14 mmol) was 
added with vigorous stirring followed by Compound VII (2.3 
g; 4.82 mmol) in dioxane (25 ml). The pH was maintained 
between 7 - 8 and the mixture was stirred at room 
temperature for 24 hours, then worked up as previously 
described for Compound II to yield 3.99 g of Boc-Lys(Z)Ser- 
(Bz1)-Glu(0OBz1)-Glu(OBz1l)-OH (VIII) (yield 83%) crystallized 
from ether:pet. ether (1:4 v/v). After purification by 
Sephadex LH-20 chromatography, the peptide was crystallized 
with ether to give a 55% yield (this represent a 20.5% yield 
when compared to the original compound I): m.p. 88-90 °C; Rf 
(system A) 0.70, (system B) 0.71. Amino acid analysis: Lys 
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(OBz1)-OH 


Boc-Ala-Glu(OBzl)-OH (IX) was prepared in a manner 


similar to the preparation of Compound II using Glu(OBzl1) 
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(2.5 g; 10.5 mmol) , sodium bicarbonate (882 mg; 10.5 mmol) 
and Boc-Ala-OSu (2.86 g; 10 mmol). The product was obtained 
as 3.45-g of a white solid (yield 84.5%) : m.p. 84-85 °C; Rf£ 
(system A) 0.53, (system B) 0.58. Amino acid analysis: Ala 
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Compound IX was deprotected with 2 N HCl/dioxane as 
previously described. The hydrochloride salt (X) was 
obtained as a white hygroscopic solid in 70.7% yield: Rf 


(system C) 0.48. 


Boc-Leu-Ala-Glu(OBzl)-OH (XI) was prepared in a similar 
way to Compound V using the hydrochloride salt (X) (1.86 g; 
5.4 mmol), sodium bicarbonate (907 mg; 10.8 mmol) and 
Boc-Leu-OSu (1.68 g; 5.13 mmol). The product was obtained as 
2646 g of aéwhitensolid Gyield 91.8% )twimtp. (73774 °C; RE 
(system A) 0.44, (system B) 0.48. Amino acid analysis: Leu 
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Compound XI was deprotected with 2 N HCl/dioxane as 
previously described. The hydrochloride salt (XII) was 


obtained in 93.7% yield: m.p. 112-114 °C; Rf (system C) 
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Piaiawecarcd. Lor pe syHasNeO, Cl (MW. 457298) eC, 55.07: 
CeO ON ott) Clete round: ©, 5S5.3650H, seocde: Ne 
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Boc-Glu(OBz1)-Leu-Ala-Glu(OBzl)-OH (XIII) was prepared 
in a similar way to Compound V using the hydrochloride salt 
XII (i838oqgin4@ mols. sodium bicarbonate (672° mg%i .:mmol) 
and Boc-Glu(0OBzl)-OSu (1.65 g; 3.8 mmol). The product was 
obtained as 2.5 g of a white solid (90% yield) which was 
purified by LH -20 column chromatography and crystallized 
from ether:pet. ether (134 v/v) (21.3% yield based on the 
Srigzmal compounds Boer Ata-Osu)sm.p. 4-66) .°C;) RE (system A) 
0.50, (system B) 0.57. Amino acid analysis: Glu (1.98), Leu 
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cn, Synthesis of Fragment C, Boc-Ala-Phe-Arg(Tos)-OH 


Boc-Phe-Arg(Tos)-OH (XIV) was prepared in a manner 
Similar to the preparation of compound V using the 
hydrochloride salt of Arg(Tos)-OH (5.74 g; 15.75 mmol), 
sodium bicarbonate (2.65 g; 31.5 mmol) and Boc-Phe-OSu (5.43 


g; 15.0 mmol). The product was obtained as 7.16 g of a 
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crystalline white solid (yield 80.4%): m.p.117-119 °C; Rf& 
(system A) 0.41, (system B) 0.61. Amino acid analysis: Phe 


a .08) ,SArg,h0597). 


Analewncaseck @orPesohewN-0,SH4(MsWie 57507 eeoCoes6 } 32% H, 


ere EN lz. hOl 9 0 DO. ov round: C, 56.759) Hy 6.52° N, 12.46% 


Compound XIV was deprotected with 2 N HCl/dioxane as 
previously described. The hydrochloride salt (XV) was 
obtained in quantitative yield; m.p. 115-117 °C; Rf (system 


ya 0 oy 
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Boc-Ala-Phe-Arg(Tos)-OH (XVI) was prepared in a similar 
fashion to Compound V using the hydrochloride salt XV (2.15 
g; 4.2 mmol), sodium bicarbonate (706 mg; 8.4 mmol) and 
Boc-Ala-OSu (1.14 g; 4 mmol). The product was obtained as a 
crystalline white solid (2.0 g; 78% yield) which was 
purified on Sephadex LH-20 followed by crystallization from 
water (45.7% yield based on the original compound 
Boc-Phe-OSu): m.p. 124-125 °C; Rf (system A) 0.38, (system 
BjmOLSa.MAmGNoO acideanalysis: vAlag(1207)ygRhenh(0:9%), sArg 
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a Synthesis of Fragment D, Boc-Ile-Phe-Asp(0OBzl)-OH 


Boc-Phe-Asp(OBzl)-OH (XVIII) was prepared in a similar 
way to Compound V using Asp(OBzl)-OH (2.23 g; 10 mmol), 
sodium bicarbonate (1.68 g; 20 mmol) and Boc-Phe-OSu (3.6 g; 
10 mmol). The product was obtained as a white crystalline 
Sold. (350 0; 71% yield om.p.e 61-63 |\°CeRE (system A) 
0.62, (system B) 0.56. Amino acid analysis: Phe (0.98), Asp 
(O02). Anal. calcadeatOunGreHyeN7O,) (MWe 470255)'s COC.  63.8 13 


Hew Owes iN, Ooo tebOUndt sCeemoo. 72° H, POseor IN, 5.07. 


Compound XVII was deprotected with 2 N HCl/dioxane as 
previously described. The hydrochloride salt XVIII was 
obtained in quantitative yield: m.p. 100 °C; Rf (system C) 


0.40. 
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Boc-Ile-Phe-Asp(OBzl)-OH (XIX) was prepared ina 
Similar manner to Compound V using the hydrochloride salt 


XVIII (1.92 g; 4.73 mmol), sodium bicarbonate (795 mg; 9.46 
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mmol) and Boc-Ile-OSu (1.48 g; 4.5 mmol). The product was 
obtained as a crystalline white solid (1.99 g; 76% yield; 
53% yield based on the original compound Boc-Phe-OSu): m.p. 
146-147 °C ; Rf (system A) 0.63, (system B) 0.54. Amino acid 


analysis: Ile (1.02), Phe (0.92), Asp (1.05). 


Aneta CalCo.. fOr, Cashin. O;,, (M.W. (56a. 2) (Ce (63.76%: BH, 


PaO UNG Poco. FOUNG? (Cy ot. O? Hy, 7.03") Neer 16, 


e. Purification of protected peptide fragments 


Analytical samples of the completed protected 
tripeptides and tetrapeptides (5 mg) were deprotected with 
hycroflucric acid (i101 mijeat 0, “C for 30 min with anisole 
(10% v/v) as a cation scavenger. The hydrofluoric acid and 
the bulk of the anisole were removed under vacuum at 0 °C. 
Purity of the deprotected peptides was assessed by paper 


electrophoresis. 


If the hydrofluoric acid deprotected peptides’were not 
homogeneous, purification of the protected peptides was 
carried out on Sephadex LH-20 in a 2.6 cm x 100 cm coiumn 
equilibrated with dichloromethane-methanol (3:7, v/v). 
Samples of 500 mg dissolved in 2 ml of column solvent were 
applied to the column and eluted at a flow rate of 15 ml/hr 
collecting 2.5 ml fractions while monitoring the column 


effluent at 232 nm or 255 nm. An aliquot (50 ul) of each 
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fraction in the detected peak areas was spotted on Silica 
Gel 60 F.,, plates (0.25 mm) and the plates developed in 
chloroform-methanol-acetic acid (85:10:5, v/v). The peptides 
were detected by spraying the plates with a ninhydrin 
Solution. Fractions from the LH-20 chromatography were 
pooled based upon the thin layer chromatography results, 
evaporated in vacuo and the residue crystallized from ether 
Or water. Homogeneity of the protected peptides was 
re-examined by repeating the hydrofluoric acid cleavage and 


the high voltage paper electrophoresis. 


Zi. Solid phase peptide synthesis 


Most of the peptides used in this study were 
Synthesized by solid phase peptide synthesis. The 
experimental background surrounding the use of solid phase 
peptide synthesis and its applications to biochemistry have 
been adequately described in several reviews (Stewart and 
Young, 1969; Erickson and Merrifield, 1976; Birr, 1978). The 
technique was devised by Merrifield (1962) and involves the 
use of an insoluble resin support to which amino acids or 
small peptides having their side chains blocked by 
protecting groups are coupled sequentially. The preferred 
direction of coupling is to activate the a-carboxyl group of 
an amino acid and to couple it to the amino terminal of a 


peptide chain being synthesized on the resin. Some of the 
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advantages of such an approach over other synthetic methods 
lie in the ease it offers in removing soluble reaction 
contaminants after each amino acid coupling, the ability to 
use an excess of reactants (i.e. protected amino acids, 
coupling agent) to force the coupling reaction to completion 
and, the possibility of automation. Speed and 
reproducibility at each step of the synthesis can thus be 
achieved. One major drawback has been the difficulty in 
purifying the peptide having the proper sequence from ones 
having one or more amino acid deletions. This problem has 
now been partly overcome by the advent of high pressure 


liquid chromatography. 


Figure II.1 represents a flow chart of steps performed 
Guring a typical synthesis. The salient points can be 
described as follows: 1) The first protected amino acid 
is covalently coupled to a resin support by the cesium salt 
attachment method (Gisin, 1973) in the case of a 
chloromethyl type resin. Alternatively, the initial residue 
can be linked to a benzhydrylamine support in the presence 
of a coupling agent such as dicyclohexylcarbodiimide (DCC) 
Both resin matrices were used in this study. 

2) Protected amino acids are then coupled following a 
cyclic sequence of operations where the Boc group of the 
peptide chain is first removed by treating the peptide resin 


with trifluoroacetic acid (TFA). The deprotected peptide is 
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then washed and neutralized with diisopropylethylamine. The 
Boc-amino acid and a carboxyl group activating agent such as 
dicyclohexylcarbodiimide (DCC) are then added. After the 
peptide bond formation, the resin is washed and the coupling 
cycle is repeated if necessary. 3) The synthetic 
peptide is then detached from the resin and all the side 
Chain blocking groups are removed by treating the peptide 


resin with anhydrous hydrofluoric acid. 


Experimental parameters Surrounding the synthesis and 
purification of each peptide used in this study will now be 


discussed individually. 


a. Synthesis of AcSTnC(103-123) (peptide I) 


The acetylated 21-residue analog was synthesized on a 
Beckman 990 peptide synthesizer. Boc-Gly (13.5 mmol, 5 
equivalents) was esterified to chloromethyl resin (3 g; 0.90 
mmol of chlorine/g of resin) using the cesium salt method 
(Gisin, 91973). Boc-gqiycine resin (0.78 mmolvot glycine/g of 
Boc-Gly resin) was deprotected and selectively coupled with 
Boc-Ser(Bzl) (0.25 mmol of Boc-Ser/g of Boc-Gly resin) and 
the remaining free amino groups were acetylated with a 
mixture of pyridine-acetic anhydride-benzene (3:1:3, v/v) 
for 90 minutes. The third amino acid, Boc-Ala, was coupled 


to the dipeptide resin using the reverse coupling procedure 
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to reduce loss of peptide from the resin due to diketo- 
Piperazine formation (Gisin and Merrifield, 1972). The 
initial coupling of Boc-Gly, the selective coupling of 
Boc-Ser(Bzl) and the reverse coupling of Boc-Ala were all 
monitored using the picric acid procedure of Hodges and 
Merrifield (1975). The remainder of the peptide was 
synthesized using two 60 minutes dicyclohexylcarbodiimide 
mediated couplings with 3 equivalents of Boc-amino acid 
based on the amount of tripeptide on the resin determined by 


pie ric Cacidomonrtoring. 


Deprotection was carried out in 50% trifluoroacetic 
ac id/ oCH, Gis, e OviAv ) Sior os0 tminutes Vandonétbtralization was 
Carried out using 5% diisopropylethylamine/CH,Cl, (v/v). The 
a-amino group of all amino acids was protected by the Boc 
group and the following side chain blocking groups were 
used: Glu(OBzl), Asp(OBzl), Arg(Tos), Asn(Mbh), Tyr- 
(2,6-dichlorobenzyl) and Ser(Bzl). All amino acids were 
60 mM in CH,Cl, during coupling with the exception of 
Boc-Arg(Tos) and Boc-Asn(Mbh), which were 60 mM in 3% 


dimethylformamide/CH,Cl, (v/v). 


The program used for the consecutive attachment of each 
amino acid to the tripeptide resin consisted of the 
following steps: Deprotection cycle: 50% TFA/CH.Cl., 1 


minute; 50% TFA/CH,C1,, 30 minutes; CH.Cl., four times, 1 
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minute; 80% isopropanol/CH,Cl.,, two times, 1 minute? CH.Cl,, 
eight times, 1 minute. Coupling cycle: 5% DEA/CH,Cl,, three 
times, 2 minutes; CH,Cl,, seven times, 1 minute; Boc-amino 
Scr0, oc Mmanutes-: DCG 60; minutes: CH.,Cl., Vthree ‘times, 1 
minute; 80% isopropanol/CH,Cl.,., two times, 1 minute; CH.Cl., 
Ewo. times, 1 minute: 80% isopropanol/CH,Cl,, two times, 1 
Mencer Ch Cl eightmtimes, | minute. The coupling cycle 
was repeated. The CH,Cl, and isopropanol washes were 75 and 
30 ml, respectively. The 50% TFA/CH.Cl., and the 5% 


DEA/CH,Cl, volumes were both 30 ml. 


The program used for the picric acid monitoring of free 
amino groups consisted of the following steps: 5% 
DEA/CH.Cl,, three times, 2 minutes; CH.,Cl,, five times, 1 
mMmanutesu0ndeM. pi€rics acldVCHPele vtwoltimes, Spminites? 
CH,Cl,, seven times, 1 minute; 5% DEA/CH,Cl.,, three times, 2 
minutes; CH,Cl,, seven times, 1 minute. The volume of the 
picric acid treatments was 30 ml. When monitoring was 
performed after deprotection, the above program was 
introduced after the deprotection cycle and was followed by 
an additional deprotection cycle with a 5-minute treatment 
of 50% TFA/CH.Cl, instead of 30 minutes in order to remove 
any nonspecifically bound picric acid before continuing with 


the synthesis. 
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The completed peptide was acetylated by treatment with 
the previous acetylation mixture after removal of the 


N-terminal Boc group. 


b. Synthesis of AcA’*®*STnC(98-123)amide (peptide II) and 


AcA® *STnC(90-123)amide (peptide III) 


Peptides II and III and the remaining peptides were 
Synthesized uSing a benzhydrylamine resin (Pietta and 
Marshall, 1970) to minimize the loss of growing peptide 
chains during the deprotection steps of the synthesis. A 
second advantage in using a benzhydrylamine support is that 
the C-terminal carboxyl group linked to the resin is 
converted to an amide group when cleaved from the resin by 
HF (Southard, 1971). An amide group iS more appropriate in 
this C-terminal position since the sequence of the synthetic 
fragment is in the interior of the protein and the 
C-terminal carboxyl group would be involved in a peptide 


bond. 


The peptides AcA®*STnC(98-123)amide (peptide II) and 
AcA®*STnC(90-123)amide (peptide III) were prepared by a 
combination of stepwise and fragment coupling solid phase 
procedures (Fig. I1.2). Boc-Gly (0.5 mmol) was coupled to 
benzhydrylamine resin (2 g; 0.51 mmol NH,/g resin) using one 


dicyclohexylcarbodiimide mediated coupling in CH,Cl.. 
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HoN-Resin 


Stepwise sequential synthesis 
Boc-amino acids 
DCC mediated couplings 


Boc-[ E]-Resin 
Fragment coupling 


Boc-[ 0 ]-OH 


DCC-HOBt mediated coupling 


Boc- DE | -Resin 


Fragment coupling 


Boc-[C ]-0H 


DCC-HOBt mediated coupling 


Boc- -Resin 


Deprotection 
Acetylation 


Fragment coupling 
Boc-[B]-OH 
D -HOBt mediated coupling 


Ac-[CDE]-Resin Boc-[ BCDE]-Resin 
HF Cleavage Fragment coupling 
Boc-| A |-OH 
Ac- [CDE] -NH, see [ay mediated coupling 
‘OL¥e (Hexacosa peptide poc-[ABcDE] -Resin 


Ac Ala” STnC ( %-123) amide 
Deprotection 


Acetylation 


Ac-| ABCDE “NH, 
34- residue (Tetratriaconta peptide 


Ac Ala” StnC ( 90-123 ) amide 


Fragment Amino Acid Sequence 
90 93 
A KSEE 
94 97 
B ELAE 
98 100 
c AFR 
10:2 103 
D 1FD 
104 123 
E RNADGYIDAEELAEIFRASG 


Fig. II.2 Strategy used for the synthesis of the 26- (peptide II) 


and 34-residue (peptide III) peptides. Fragment E deno- 
tes the 20-residue protected fragment prepared by solid 
phase peptide synthesis on the resin. Fragments A, B, C 
and D denote those protected fragments prepared by the 
solution method and then coupled to the 20-residue frag- 
ment on the resin. 
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Boc-Gly resin (237 umol glycine/g Boc-Gly resin) was 
acetylated with pyridine-acetic anhydride-benzene (3:1:3 
v/v) to terminate free amino acid groups on the benzhydryl- 
amine resin which did not couple Boc-glycine. The next 19 
residues were coupled by the standard stepwise automated 


coupling procedure described earlier for peptide I. 


The protected fragments were coupled using the hydroxy- 
benztriazole active ester procedure (Konig and Geiger, 1970; 
Grsineet al., 1977). The-appropriate fragment (2.5 
equivalents to free amino groups on the eicosapeptide resin) 
was dissolved in CH,Cl, (8 ml). Hydroxybenztriazole ina 1:1 
molar ratio with the fragment was dissolved in dimethyl- 
formamide (4 ml). The fragment and hydroxybenztriazole 
solutions were added to the deprotected and neutralized 
eicosapeptide resin in CH,Cl, (~ 6 ml) and the mixture was 
stirred for five minutes. Dicyclohexylcarbodiimide (1.05 
equivalents to hydroxybenztriazole and fragment) in 
dimethylformamide (4 ml) was added to the mixture and the 
coupling proceeded for 48 hours at room temperature. With 
the exception of the above coupling procedure and the fact 
that one coupling of each fragment was carried out , the 
programs used for the deprotection and coupling cycles were 


identical to the ones described for peptide I. 
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After coupling fragments C and D, the resin was divided 
in half by weight. One half of the hexacosapeptide resin was 
deprotected, acetylated with pyridine-acetic anhydride- | 
benzene (3:1:3, v/v) and cleaved with HF as described below 
to produce crude AcA°®*STnC(98-123)amide. The synthesis was 
continued using the other half of the hexacosapeptide resin 
and coupling fragments A and B in the same manner described 
for C and D using half the volumes. The protected 34 residue 
peptide resin was deprotected, acetylated and cleaved with 


HF to produce crude AcA®*STnC(90-123)amide. 


Cs Puraticat lon sobs psperaes AcSTnG( 103-123), AcA®*STnCc- 
(98-123)amide and AcA’*STnC(90-123)amide (peptides I, II and 


FER) 


The residue obtained from HF cleavage (section G.2.f) 
was dissolved in a small volume (3-5 ml) of 50 mM NH,HCO, 
and desalted on a Bio-Gel P-2 column (1.5 cm x 120 cm) 
eluting with 50 mM NH,HCO, at a flow rate of 10 ml/hour and 
monitoring the column effluent at 230 nm. The desalted and 
lyophilized product was dissolved in 10-15 ml of 50 mM 
Tris-HCl, 50 mM KCl, 1 mM EGTA at pH 7.5 and applied to a 
DEAE-Sephacel column (2 cm x 36 cm) equilibrated with the 
Same buffer and eluted with 200 ml of the starting buffer 
followed by a linear ionic gradient of 1000 ml of starting 


buffer and 1000 ml of 50 mM Tris-HCl, 500 mM KCl, 1 mM EGTA 
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Seep 7.5 with a tlow mace of 60 ml/hour.) Theseffluent was 
monitored at 230 nm and fractions of 10 ml were collected. 
The fractions containing the major peak (Peak I in Fig. 
II1.3a) were combined, lyophilized, desalted as described 
above and the residue thus obtained was dissolved in a small 
volume (243° ml) fof 120 mM “KHZPO,,| 200: mMiKGlSat soH 7.0. The 
solution was applied to a hydroxyapatite column (1 cm x 

25 cm) and eluted with 40 ml of 1.0 mM KH,PO,, 200 mM KCl, 
PH 7.0 followed by a linear phosphate gradient of 250 ml of 
Starting buffer and 250 ml of 50 mM KH,PO,, 200 mM KCl, 

pH 7.0 with a flow rate of 10 ml/hour. The column was 
monitored at 280 nm and fractions of 3.3 ml were collected. 
The fractions containing the major peak eluting from the 
column (Peak II in Fig. I11.3b) were combined and 
lyophilized, then desalted as described above. The purity of 
the 26 and 34 residue peptides was estimated from the amino 
acid analysis (Table II-1) while the purity of the 21 
residue fragment was estimated from amino acid analysis 
(Table II-1) and high voltage paper electrophoresis at pH 
6.5. Percentage yields of the 21, 26 and 34 residue peptides 
based on original amino acid esterified to the resin were 


11, 13 and 16%, respectively, after all purification steps. 


d. Synthesis and purification of AcA’*STnC(90-104)amide 


(peptide IV) 


vem, 


ON eet ae ae f 
en ee th Pac 
in SC ee nf 
oe ae id, i 


oa 


ey babies 0 8 eAry. waite ae sip vont woe at wie: 


‘feogetieo sxe On ot b deipeg est tha 


te 


Saas t 


ifewa. 


on ime aH? toy? paseo esl 
i a 


aieptsie, bios oaths mit 

aa 36 idanodqo: vasatg 3 3 
pabiuged daubieer 5 ‘Ads 88 sala site! te abaaty aguin HIS 
otay nites aa2 03 boitevenes, bios. enka lemigtze 4 ed | 
et eoddiged 8 ie, eal yaa eee -. ons 


vosunst0r <8) 90 NADA * i 


em 


i Win COS. OTH tm OA ARR ia, ae piaite wbesule sent 


CoH Mm OOS as Ak en’ n 08: ol Lim as. ons xettud 


jagilos Baew, Jar 


20 Yi taug eat VORB wach 


O74 
iy Gans 


r sae) Tay atom eriz pniataynos anota 32 
5 hs - 
Haab Be. bes ineaB) oneal benbanea axe a 7 


ot bee hese ok 


f} pith feo oa taenanltione & sles boi tgs 


moe 1) 


Gat to 4n9 : Bip ase boi: oem ia) yd ewok ten 


‘ae: werk 4 agi % 


>< ere i 
GoW JME a Se 


ee i. ie 


ts sat a6 yittne arts! 3 


: na. ope tow aa tna (oti 


+ 


88 


"497PM PaZLuU 

“OLSP PSlLL4SLp atqnop ysutebe PexUe|q S4aM (7) UL SqZUaWaUuNnseaW AYLALZONpuOD aul 
3X9} 984} UL paqiuosap aue siLeqap [epUsWLuadxy *(g) uwnLos 8yLzedeAxoupAy ue 03 
Ppat_tdde sem uwnjoo stu WOU} JT y4ead uayd *(y¥) uWN|LoD L[92eydas-Jyaq e 02 pattdde sem 
abeaea,2 4H wouy at dwes 8pnud aul *apLwe (€2T-06 )9ULS, 


JOqQUNN eqny 
OZ Ol oor 06 O8 OL o9 os Ov oO€ 


seQUWAN eqn, 
Ov O€ 02 


(ai 


OL 


(OHNW) Ajtanonpuoy 


02 


YY JO BwWaYdS UOLZedLJLUNg ET] “BLY 


ey i yee 


i igi aledt wit 


t « 
Cx ell 
= 1s 
ae 
er 44 


£43 ¢eGg 
t 


>. 
tg 


CEE 


pod 

Inigo 
ua 
rw at 
pM # are 
cr ee 
ry 
or 2 Z 


4 
<. 


gh wmesennaeisus 


thy 


upsee Me pek’ 
ge <onet 


89 


poulW4a}ap Jou 4oJ spueys “p-u 


SiskjoupAy pide Buiinp pakosysap Aj ed, 


u I - - - - - - - - 
A op'T I 2 = = = js : = = = 
S€"€ € 61°2 c4 be'€ € 00°€ € LO°¢ v4 vO'T I 
26 0 I E : = 2 = > = = = i 
LUE € S0°T I 96 “0 I > - 5 S z > 
€0°€ € €0°2 é 96 2 € 98 °2 € v8 °0 T = S 
96 °0 I : > £60 I c0'T T T0'T I 660 I 
LOE € c0'T I 9T°2 é 6l'T I c0'T T c0°T I 
LL’€ v 00°T I V9'¢ € 8 °2 € 09°T v4 S60 I 
ott I 2 ; : > = 5 = 2 = = 
08°S 9 66°T v4 T8°¢ 9 SIS S 62°D v 10°2 é 
02°€ € : e c0°2 v4 66 T 4 Ll<¢ é c0'T T 
08 “IT cl V6 °€ D Te’ l 66 ‘2 € G6 “2 € T0°2 é 
bs"? € 82°0 i 98 °T v4 €6 0 I 90'T I = ; 
€0°T I ; < = 3 = i 5 : 
62°9 9 86 °0 I cl'p v €0°P D 00'p v L6°€ D 


je}uaw JP91} = je}UaW J201} jeyJuaw 201} = jeJUaW JE01} = je}JuaW je91} = je}UaW |291} 
-|48dxJ  -au0ay) = -yadx3 “84084 = -|4adxJ_ -a40ay] = - Wad] 840841 = -149dx} -asoay, = - ad -31084] 


(S€T-8) dplWe(POT-06) dplWe(€2T-06) op|We(€2T-86) apiwe 


3 ulS9 - ulS9o 
DUIS. 18SH JUIS 6, WW SUIS. WW JULS. WW (€cT-EOTIULSIY — (STI-€0T)ODULSoV 


S401 Ld3d JGIWOUG NIDONVAD ONY JIHINAS G31418Nd 40 NOILISOdWOD GIOV ONIWY 


Broil Sih Al 


q 


anpisay 


ploy 
- OUlWY 


a 


6 


va 
i ae 
he 
ee wa 
t 
| 
; 
i “ww 


' Pre 
- 
| o. 
oS. wi 
La ’ 
me) | 
=. 
ne. . 
am oh 
a 4 iA 
: i) 
¥ = 
g , “an 
fl) 
=, 
o ee | 
2. 
‘ 
tot 
“a 


ee 


Hoabay 


x ae 
Ke 


ie 


Loy) heen ee 


y a | i 


90 


Boc-Arg(Tos) (0.275 mmol) was selectively coupled to a 
benzhydrylamine support (1.03 g; 0.56 meq/g resin) using a 


1.131 equivalent of dicyclohexylcarbodiimide (0.3 mmol). 


Boc-Arg(Tos) resin (167 umol Arg(Tos)/g Arg(Tos) resin) 
was acetylated with pyridine-acetic anhydride-benzene 
(3:1:3, v/v) to terminate free amino groups on the resin 
which did not couple Boc-Arg(Tos). The remaining 14 residues 
were coupled using the stepwise solid phase procedure 
described for peptide I. Each Boc-amino acid were coupled 
twice uSing 6 and 3 equivalents for the first and second 
coupling respectively. The coupling time was increased to 90 


minutes. 


The final peptide was acetylated with pyridine- acetic 
anhydride-benzene (3:1:3, v/v) in a manner similar to the 
one described for peptide I. After HF cleavage from the 
resin, the crude peptide was initially purified on a QAE A25 
couumns(30 comex ibeom)srusimoies 100 mM KH,PO,, 10-mM KCl, 

PH 6.50 buffer as the eluent. The major peak from this 
purification was lyophilized and desalted on either a Biogel 
P2 column equilibrated in 50 mM NH,HCO; or by reverse phase 
high pressure liquid chromatography on a SynChropak RP-P C18 
preparative column (1 cm x 25 cm) (Linden, Indiana) using a 
O:1% TFA/water, 0.1% TFA/acetonitrile gradient. For this 


later purification method, a 0% to 60% gradient of 0.1% 
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TFA/acetonitrile (60 min gradient with a flow rate of 
2 ml/min) was sufficient to elute the peptide as a Single 
peak. The composition and concentration of the pure peptide 


was verified by amino acid analysis (Table II-1). 


e. Synthesis and purification of AcSTnC(103-115)amide 


(peptide v) 


Boc-Leu (0.55 mmol) was selectively coupled to a 
benzhydrylamine support (2.0 g; 0.56 meq/g. resin) using 1 


equivalent of dicyclohexylcarbodiimide (0.55 mmol). 


Boc-Leu resin (240 umol Leu/g of Leu resin) was 
acetylated as described earlier in order to terminate free 
amino acid groups on the benzhydrylamine resin which did not 
couple Boc-leucine. The remaining 12 residues were coupled 
by stepwise solid phase peptide synthesis as described for 
peptide IV. The peptide N-terminal was acetylated using a 


previously described procedure. 


The crude peptide was initially purified by high 
pressure liquid chromatography (HPLC) on a SynChiopak AX300 
ion exchange column (Linden, Indiana; 250 x 10.0 mm ID). The 
crude peptide was dissolved in 5 mM KH,PO,, pH 7.5 buffer 
and the sample pH reajusted to 7.5 with 1 M KOH. The 
undissolved material was centrifuged. Aliquots of the 


supernatant were then injected on the column. A gradient was 
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constructed using 5 mM (buffer A) and 300 mM (buffer B) 
KH,PO, buffers ajusted to pH 7.5. The program used to 
isolate the pure peptide was as follows: 100% A, 5 minutes; 
Pinear gradient virom J00% A to 85% As3i15%)7B, 40 minutes: 85% 
Azle B, Siminutess= linear gradient from 85% A: 15%,B to 75% 
Bago, BE Siminutess Linear gradient from 75% As25%* B to 100% 
Feeouminutess 100% Ave 1Geminites. (The flow rate was 2 ml/min 
and the absorbance was recorded at 220 nm uSing a 3 mm path 
cell. Figure II.4a illustrates a typical purification 
pattern observed using our HPLC approach. The major peak was 
desalted on a HPLC preparative C-18 SynChropak RP-P column 
(Linden, Indiana; 250 x 10.0 mm ID). The peptide was 
dissolved in 0.1% TFA/water and the pH was ajusted to pH 2.5 
with concentrated hydrochloric acid. The peptide was eluted 
off as a single peak using a 0% to 30% gradient of 0.1% 
TFA/acetonitrile (45 minute gradient; 2 ml/min flow rate) 
(Fig. II1.4b). The composition and concentration of the pure 


peptide were verified by amino acid analysis (Table II-1). 


ap Cleavage of peptides from the resin 


Cleavage of peptides from their support and the removal 
of blocking groups were carried out in hydrofluoric acid at 
0 °C for 30 minutes (in the case of peptide I) or 45 minutes 
(in the case of peptide. Il, .III,..1V.and,V),in.a type 1 


hydrofluoric acid apparatus from Protein Research Foundation 
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(A) HPLC purification of the crude peptide on a prepa- 
rative ion-exchange column. The flow rate was 2 ml/min, 
and 500 ul of a 16 mg/ml solution of the crude peptide 
was typically injected on the column. The phosphate 
gradient used to elute the fragment is described in the 
text, 

(B) HPLC purification of the major peak eluted from the 
ion-exchange column on a preparative reverse phase column. 
The flow rate was 2 ml/min. The 0.1% TFA/water:0.1% TFA/ 
acetonitrile gradient is described in the text. 
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with 10% distilled anisole (v/v) as a cation scavenger. The 
HF and the bulk of the anisole were removed under vacuum 
below 0 °C. The residue was washed with ether (3 x 5 ml) to 
remove the remaining anisole and other by-products, then 
extractedawith<50%<acetic acids (4% +0sml)«% Thesacetic acid 
extracts were evaporated to dryness and the residue 
dissolved in 50 mM ammonium bicarbonate by adjusting to pH 
8.0 with 1 M sodium hydroxide, then the solution was 


lyophilised. 


Si Synthesis assessment and troubleshooting 


The primary sequence of rabbit skeletal troponin C 
(residues 90 to 123) is composed of several aspartic and 
glutamic acid residues. Some are involved in metal chelation 
while others are clustered together and offer a site of 
interaction for target proteins. However, most of the 
problems surrounding the chemical synthesis of such analogs 


revolve around these essential residues. 


Attempts to synthesize the sequence 89 to 123, by 
stepwise solid phase synthesis on a chloromethyl resin 
Support was unsuccessful. Weak couplings were observed for 
ble=110, Asp-103>- Arg-100 and in the Glu-94 to Glu-92 
region. Amino acid analysis of peptide-resin samples 


collected during the synthesis also revealed that the ratio 
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of Arg-100 to Leu-114 was only 0.20. Thus the amount of 
growing peptide chains having the correct sequence was 
already down to less than 20% after only 24 amino acid 
couplings. Purification of the HF crude peptide on a 
DEAE-Sephacel column gave a complex mixture of peaks. 
Efforts to purify the proper sequence failed, as the further 
purification of selected peaks yielded further mixtures of 
peptides. Poor amino acid analysis results were consistently 


observed. 


The synthesis was repeated on a benzhydrylamine support 
tO minimize peptide chain loss during the deprotection steps 
(Pietta and Marshall, 1970). The first 20 amino acids were 
coupled by stepwise solid phase peptide synthesis. To cope 
with the weak coupling steps previously mentioned, we 
decided to synthesize small tri- and tetrapeptides and 
coupled them in solution to the eicosapeptide (i.e. 20-amino 
acid) resin using the hydroxybenztriazole active ester 
method (Konig and Geiger, 1970; Gisin et a/.,1977)% This 
scheme was presented earlier in Fig. 11.2. The synthesis 
performance is illustrated in Table I1-2. The synthesis 
appeared to have proceeded correctly for the initial 20 
amino acids. The first fragment reacted with an 82% coupling 
yield. The second and third fragments coupled well (>90% 
coupling) while the last fragment showed a poor coupling 


performance (only 64% coupling observed). Only one major 


LE RREES PES uit ido sein aK nt — 
aay eonsupss ssa eee gnivet “satay Sisqo ent 
i vie vate, 908. ini wast ‘ae we ; 


bite On ims os 


gs Sbis ang sane" “ay ‘eek s Adiga telt 5 


edden Xo swatie awl begplare 6 aw ep anwiles os 
Suliat a neipae wy one: wiwaes 


yedtagi say aa, 
sie Kae “perrha es Fae Se ea) ea bet oe.hog ie 


4 2a 3077 Li 


¥LItiele hes Saw £7 teers 


tussneigrs ately alia ‘Biom ortho 00m Pk 


» animale yeh a ey shapesge new p aisedzors mAh | 
dgeda wiivetenes> sity paiiaaibt abel nteds, sbi tie@ esinind r 
giaw Bei oq Geilo | oS Bo clus ORI Reader boa 
gong aria biioe. ootwqe zi et 
ow, Renhib tpewam ie és * | dl pktguas awe aE 
Etta dace Spor Hes nex atone @ = eedsaye an a , 2 
comimer OS .. 4. rs 1 sbi sqoqiaaitila: sina narsison ak wort | 
J9s89 Ovitds fanaa vi | 
ait .(0N@r V6 1300 2 c 
aieudroye off <5, rd iit ni /sedira9 besnanesd Er 
ainedsaye att on elder wi Gerarsavits el hae 
OS faisiai st ‘tod seme eect evad of 


e7on oT 


kes) Liaw betauos aeaetip 
_ eebtgoes 2904 6 be pig pert Jest i 


TABLE II-2 


98 


PROGRESS OF THE SYNTHESIS OF PEPTIDE AcA~ STnC(90-123) amide 


: HYDROLYSIS 

SYNTHESIS SEQUENCE AMINO 

ORDER NUMBER ACID 1 2 3 4 5 6 7 8 9 
1 123 Gly POLO RASIO (2.108 1210. 1.10 MeO e100 2.10" 2210 
2 122 Sere = 0-624 0.62) 0.62 .0:62 0.624 0:62,.0.62 20262 ..0:62 
3 121 Ala P.04. ¥.04 1.04 1.06 1.04 1,04 1/64. 3-04 1.04 
4 120 Arg 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 
5 119 Phe 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 
6 118 Ile 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 
7 117 Glu 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 
8 116 Ala 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 
9 115 Leu 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 
10 114 Glu 0: 93..0.93 0.93 +0,93.. 0:93, °0.93) 0.93 10.93 
11 113 Glu 0.95 0.95 0.95 0.95 0.95 0.95 0.95 
12 112 Ala 0.94 0.94 0.94 0.94 0.94 0.94 0.94 
13 111 Asp 0.96 0.96 0.96 0.96 0.96 0.96 0.96 
14 110 Ile 0.89 0.89 0.89 0.89 0.89 0.89 0.89 
15 109 Tyr 0.84 0.84 0.84 0.84 0.84 0.84 0.84 
16 108 Gly 0.88 0.88 0.88 0.88 0.88 0.88 0.88 
17 107 Asp 0.92 0.92 0.92 0.92 0.92 0.92 
18 106 Ala 0.93 0.93 0.93 0.93 0.93 0.93 
19 105 Asn 0792 0:92 0592. 0.92. (0:92 
20 104 Arg 0.80 0.80 0.80 0.80 0.80 
21 103 Asp Or750.73 0.73) 0.73 
oe 102 Phe 0282" 0.82" 0: 82" 082 
23 101 Ile 0.90 0.90 0.90 0.90 
24 100 Arg 0.99 0.99 0.99 
25 99 Phe Oc73 0073 0-73 
26 98 Ala 1.08 1.08 1.08 
27 97 Glu 0.90° 0.90 
28 96 Ala 0.85 0.85 
29 95 Leu 0.93 0.93 
30 94 Glu 0.90° 0.90 
31 93 Glu 0.64? 
32 92 Glu 0.64° 
33 91 Ser® 0.28 
34 90 Lys 0.65 

aserine was partly destroyed during acid hydrolysis 

baverage value 
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product was observed in the purification step. Similarly, 

the major peptide impurity from the synthesis of AcA®®STnC- 
(90-104)amide was purified by HPLC on a C18 column and was 
shown to lack a single glutamic acid residue. Finally, the 
sequential synthesis of the fragment AcA°®*®STnC(90-115)amide 
was attempted (Clare, D.M., personal communication) with 

little success, as Asp-103 coupled poorly (less than 25% 

coupling yield). In summary, synthesis problems associated 
with the N-terminal region are centered around the coupling 
of Asp-103 and of one or more of the glutamic acid residues 


(Glu+=92)7 1-93. 7 -94 Cand =97 eparticularly "Glu-94% 


Synthesis difficulties arose also in synthesizing the 
calcium binding loop region. For example, Reid (personal 
communication) noticed in his attempt to synthesize the 
peptide region 90 to 115, the poor coupling of Glu-113, 
ASp-111 and»-107, Ile-110, Gly-108 and Asn-105. It was also 
discovered during the purification of a crude preparation of 
AcSTnC(103-115)amide, that the major peptide impurity 
represented a fragment lacking one of the glutamic acid 


resiaques  .eptrher Glu-1l3eor -114) . 


The C-terminal region (115 to 123) of our fragments was 


relatively free of synthesis problems. 


In summary, the residues suspected to be involved in 


weak couplings are underlined in the sequence listed below 


1 > ’ ¥ i : fr a : 7 as } fy bog i yu 
; iF i 1 1 Week pert 


yiierimie overs no tes siihtoaly aia” wt 
~tete??*AnA to eh oct siti ‘set woe oH uae ; 
rhe Bre ameleo of 2 a in ‘ogee ee becaiebey enw he 
ve tanh page ietee sinaodte othale a toad 08 
iat oe )oars* ae sang at te aitewtenye tala 
date UOrasoe nema I snag ad: vo Ry janet) ossqmasy 


ie aed? eoot) “iyo Baligilen, 7 earth ae. Saal 


a i 
a Me <a Uh Paka 1 ge * } i 


beteiswas sifetiden aided tnve «sso wt otek es 
Sot e baseinne>, en6. noige nite ie 


. 
¢ 
be 
oat 
a 


eT 5 od 
saubied: b2os siagoukp end de cont 54: one we bee tora i 
peas piaabueea tae Saas bea ue ae 4 + ba 
oris ones teadiay? ee | ‘nie ten 6 sinchaawilain 


q) Beer , : aii en “inten qoot: pecs msto 
ott am dearlterys dee yore aed n-apbtipe inotgwotn 

Jenteda to prison 4 180g re (an Kine pe wird bil sbi 
eels enw 31 201 ask, Qi ao) VER |, etek Nee 


3 o.oo ‘3 yaa 4 mf — bu } e te pataeai' i x 
‘ihangat abi rae seta: ota sada ee 
bisa aimedvio. oe Ye ge pit nook sabogant . bates 


LOE 19 ani sedate 


Ley d 


i 
~ 


) | ) * 
ew afoempest? we to ems svete) ARDEA, Leven 


asisitiorg, atsorts a 


| ul ; on 
of : ae ; i 

Ve iL uy 7 7 ~ 
| my / 
: > w 

' ‘? 
; is 5 2 s - i i) aun 
- : 7 a. i 
. ay & mg 
ve +h r : ‘ : ae) 
: i 


ne Riiciaiead ad of Beaten ; 


T1 


oo 


i Pi wee 5 ae) 
ov basepair 1h Sree 
ee i is . : 


a Ho : 


4 + f Se fa 


98 


Table II-2. Although this section has depicted the synthesis 
of these analogs as an almost impossible task, one should 
realize that the adequate solid phase synthesis of the ee 
20 amino acids is not difficult to achieve. The major 
problem associated with the synthesis of longer peptides is 
rather related to the tendency of our tri- and tetrapeptides 
to degrade even upon storage at 4 °C in a crystalline state. 
This experimental parameter can however be improved by 
recryStallizing these fragments prior to their use and by 
assessing their purity by thin layer chromatography. 
Alternatively, liquid chromatography might prove to be 
necessary to achieve a proper level of purification of these 


tri- and tetrapeptides. 
Ie CHEMICAL CLEAVAGE OF TROPONIN C 


1. Modification and cyanogen bromide cleavage of rabbit 


skeletal troponin C 


Rabbit skeletal troponin C was prepared as described 
elsewhere (Chong and Hodges, 1981). This protein was then 
modified with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) in 
order to protect cysteine 98 from modification during the 
cyanogen bromide cleavage (Nagy et a/., 1978). The 
modification step was performed as follows, troponin C was 


first dissolved in a buffer containing 8 M urea, 0.2 M Tris 
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acetate, 0.1 M EGTA, 50 mM DTT, pH 8.0 (200 mg TnC/12 ml 
buffer) and dialysed against the above buffer for 4 hours to 
insure the denaturation of the protein and the reduction of 
the sulphydryl group. DTNB (100 mg, DTNB/-SH ratio of 16:1) 
was then added to the dialysis bag and dialysis was 
continued for 30 minutes at room temperature. The protein 
solution was then dialysed against 50 mM NH,HCO,; (3 x 8 
liters, 6 hours per change at 4 °C) to insure the removal of 
unbound DTNB (change in color from orange to light yellow) 
and of the components of the original buffer used. This step 
was followed by a further dialysis against 5% formic acid (2 
x 8 liters, 6 hours per change at 4 °C). The protein 
solution showed traces of precipitate at this stage probably 
due to the transition from pH 8 to pH 2 (the isoelectric 
point of TnC is around 4). The entire contents of the bag 
was lyophilized in a flask of adequate dimension (1200 ml) 
to allow the direct cyanogen bromide cleavage of the 
modified troponin C. The protein was then dissolved in 70% 
formic acid to a final concentration of 10) mg/ml. Protein 
cleavage was initiated by treating the modified protein with 
a 200 fold excess of cyanogen bromide. The reaction was left 
to proceed for 24 hours at room temperature. Digestion was 
complete as demonstrated by the absence of a troponin C band 
on SDS urea polyacrylamide gel electrophoresis of the 


digest. 
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ra Purification of a cyanogen bromide fragment containing 


The digest was fractionated on a Sephadex G-50 
superfine column (190 cm x 1.5 cm) equilibrated in 50 mM 
NH,HCO;,. The CB9 containing peak was further purified on the 
Same column. This material showed a single band on SDS urea 
polyacrylamide gel electrophoresis and a single peak by 
reverse phase high pressure liquid chromatography. The HPLC 
column used in this case was a preparative C18 SynChropak 
RP-P column mentioned above. The peptide CB9 was eluted from 
the column using a 0% to 60% gradient of 0.1% TFA/aceto- 
nitrile (60 min gradient with a flow rate of 2 ml/min). The 
peptide sequence and concentration were determined by amino 


acid analysis (Table II-1). 


ML PREPARATION OF IODINATED PEPTIDES 


Lactoperoxidase was used to catalyse the iodination of 
the single tyrosine present in AcA’®*STnC(98-123)amide and 
AcA® *§TnC(90-123)amide using a methodology previously 
described (Seamon et a/]., 1977; Morrison and Bayse, 1970). 
The 10 ml reaction mixture consisted of 0.1 mM of the 
peptide, 0.1 mM KI, 50 mM sodium phosphate buffer, pH 7.0, 
0.1 mM H,0O,, 0.30 IU of lactoperoxidase (Sigma) and 5 mM 


EGTA. The iodination was initiated by the addition of the 
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enzyme and monitored by the decrease in tyrosine fluores- 
cence at 305 nm (excitation at 280 nm). Successive additions 
of KI and H,0, were made to insure total iodination of the 
tyrosine. When the residual Fluorescence was reduced to 5% 
of the original intensity, the reaction was stopped by the 


ead trronscofed 00) 1 co:fatel 502 mM DTT> Solution: 


Oo. ULTRAVIOLET SPECTROSCOPY 


he, Experimental procedure 


The absorption and difference spectra were measured on 
a Cary 118 C recording spectrophotometer at 25 °C over a 
wavelength range from 250 to 350 nm. Spectra were recorded 
using two quartz cells having a 1 cm path length and a: 1 ml 
volume. Constant dry N, flushing was used to purge the 
optical track and cell component as it enhanced the 
Stability of the instrument. Typically an absorption 
spectrum was obtained after calibrating both cells (sample 
and reference) in the presence of starting buffer while a 
difference spectrum required the calibration of both cells 
With=the ‘peptide solution investigated. In’ the latter case, 
equal volumes of calcium solution or buffer were added to 
the sample cell (+ Ca?*) and the reference cell (+ buffer) 


before the spectrum was recorded. 


a Peptide samples 
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Solutions of AcSTnC(103-123), AcA**STnC(98-123) amide 
and AcA*®*STnC(90-123)amide (0.4 mM) were prepared in either 
100 mM MOPS, 50 mM KCl, 1 mM EGTA, pH 7.5 (aqueous medium) 
Ornmei0e ma MOPS) 7252 mMeKCle WeShmMeEGTAS S02 tritluoroeethanol 
(TFE), pH 7.5 (hydrophobic medium). Note that all buffers 
were prepared with double distilled water previously treated 
with chelex resin and filtered through a 0.45 um millipore 
filter prior to their use. The peptide concentration was 


determined by amino acid analysis. 


Sk Calcium solutions 


Calcium solutions (10 to 100 mM) were prepared from 
reagent grade CaCl, dihydrate in either the aqueous or the 
hydrophobic buffers mentioned above. Their calcium content 
was accurately measured by titration with a standard EDTA 
solution using murexide as the end point indicator (Blaedel 


and «Knight,) 1954). 
K. CIRCULAR DICHROISM 
te Circular dichroism measurements 
Circular dichroism measurements were performed using a 
Cary 60 recording spectropolarimeter equipped with a Cary 


6001 CD attachment (Oikawa et a]., 1968) or on a Jasco 


J-500C spectropolarimeter. 
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The mean residue ellipticity, [@] at a wavelength }, 


r UU 

was calculated from the expression: 
bei Q, x MRW/(100 x ] xc) 

where MRW represents the mean residue weight (taken as 113 


in these studies), @, is the observed ellipticity value at a 


d 
selected wavelength, /] represents the cell path length and 
was equal to 0.005 dm and c is the peptide concentration in 


Hom {sabe aunts cof [eo], are degree.cm’?.dmole™'. 


2 Precautions against metal contamination 


Nalgene beakers, plastic pipettes and vials were used 
throughout the study to avoid the calcium contamination of 
peptide and drug solutions. In addition, Ca’**-free buffers 
were prepared from deionized distilled water which had been 


treated with Chelex resin. 


SR Calcium solutions 


Calcium solutions (10 to 100 mM) were prepared from 
reagent grade CaCl, dihydrate and their concentration was 
determined by titration with a standard EDTA solution using 
murexide as the end point indicator (Blaedel and Knight, 


1954). 


4, Calcium titrations of AcSTnC(103-123), 


AcA? *STnC(98-123)amide and AcA®*® *STnC(90-123)amide 
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a. Peptide samples 


Theolyoph fhrzedipeptide’s: ACSTnC (103-3123), sAcA’*STnC- 
(98-123)amide and AcA®*STnC(90-123)amide were initially 
dissolved and diluted to a concentration of 0.4 mM in either 
GeMcures , 0100 cmM “Bris ,250 mM KCl, 5) mM EGTA W epee? 2 
(denaturing medium) or 100 mM MOPS, 50 mM KCl, 1 mM EGTA, pH 
7.5 (aqueous medium) or 50 mM MOPS, 25 mM KCl, 0.5 mM EGTA, 


Bomut nr fluosoethanol atv (vie tpHit. 17. Sthy drophobilcvemediuni )». 


b. Determination of calcium binding constants 


The concentration of free Ca’?* in solution was 
controlled by an EGTA-containing buffer and calculated using 
the computer program of Perrin and Sayce (1967) with the 
log,. of the association constants for the complexing, 
species of EGTA (Sillin and Martell, 1964) set at: H* to 
BGTAts 9. 4074H “Lesh EGA 9) 6505) Hope OanenGlaAs | 62.68 He 
to H;EGTA’~, 2:, Cab, 11.00-° and CaHL, 5.33. Free m@tal ion 
concentrations were corrected for peptide-bound Ca’* 
assuming 1 mole of Ca?* is bound/mol of peptide using the 
Perrin and Sayce computer program for two ligands. An 
estimate of the log,, of the association constant for the 
calcium peptide complex (CaP) was inserted into the program, 
and the free Ca?* values determined were used to calculate 


an association constant as described below. The calculated 
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value of the association constant was used to revise the 
estimate of the association constant (CaP) in the Perrin and 
Sayce program for two ligands. This procedure was repeated 
until the calculated association constant equalled that 
inserted in the Perrin and Sayce program. The 4H* to peptide 
association constant was set at 4.00 to correspond roughly 
to the pKa of the side chains of the acid residues involved 
in chelation. These calculations also assume that the 
cumulative association constants for EGTA complexing species 


remain the same in both hydrophobic and aqueous solvents. 


A second computer program (Hincke et a/]., 1978) is used 
to perform a nonlinear curve-fitting iterative procedure 
which fit the data to an equation of ‘the form: 

eae 
ACP ntsn ee ene 
j 
1+ Kk, [Ca] 


where / = 1, and extracted the values of n/ and Ki. Here, ni 
is the maximum value of [@].,,, which can be elicited from 
the -ith «class .of Ca?*+-dependent transitions, Ki-isthe 
apparent association constant of the ith class of binding 
ountesatand [Gawd W isstheveoncentrationscof+freesCaz; 


calculated as described. 


Gis Determination of a-helical content 
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tHe CPreceeol (Cane rana trifrucroethanol on the ~CD 
Spectra of the 21-, 26- and 34-residue peptides have been 
analyzed in terms of helix content based on the Chen, Yang 
and Chau equation (Chen et a/]., 1974) for chain length 


dependence of helices: 


fee he oe tf, TOT, : 


where [6], is the observed mean residue ellipticity at 
wavelength i, lel, is the maximum mean residue ellipticity 
of a helix (H) of infinite length, [o} is the mean residue 
ellipticity for the pure unordered form (R), the f values 
are the fractions of the two forms in the molecule, j is the 
number of helical segments, N is the total number of 
residues and k is a wavelength-dependent constant. The 
FBLE]B term is ignored for these calculations since we 
assume no f-sheet formation in any of our peptides under any 
of the conditions studied. The [ol values for 1-nm 
intervals between 215-240 nm were empirically determined as 
the average CD spectra for the 26- and 34-residue 
apopeptides in 8 M urea. The [6]. values at 1-nm intervals 
were obtained from Chang et a]. (1978). The CD spectra in 


the presence of Ca’** were analyzed in terms of helix content 
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by first subtracting the contribution to the mean residue 


ellipticity due to loop formation [6], ,: 


lec lineeee Gum oi {Col eto grol ss 2. 


(ol, values at 1-nm intervals between 215-240 nm were 
obtained by subtracting the [@] values obtained from the 
Spectra of the peptide in trifluoroethanol in the presence 
Or Ca from that oObtaetned=in trittvuercethanol in*the 
absence of Ca’?*. Using empirically determined [@] values 
between 215-240 nm, the values of f in equation 1 were 
varied to give the best fit to the experimental CD curve 


uSing a least-Squares computer curve fitting procedure. 


The values of 7 used to calculate f were as follows: 
apopeptides in aqueous medium, 7 = 0; apopeptides in the 
presence of trifluoroethanol for the 21-, 26- and 34-residue 


peptides, i = 1, 2 and 2, respectively; apopeptides in the 
presence of Ca”, J s0 =n and | Ort) =t ee ana. Ze for (the 
21-, 26- and 34-residue peptides, respectively. The basic 
assumption used in the choice of an 7 value is that on 
proceeding from the 21-residue peptide (Joop-helix) to the 


26- or 34-residue peptides (helix-loop-helix) we are 
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inducing the formation of the N-terminal helix with Ca?* or 
trifluoroethanol, thus the / value increases by one. Though 
the a-helix content will vary with the value of 7 used in 
the calculation the relative changes in fy between BhepZ6- 
or 34-residue peptide and the 21-residue peptide remained 


unchanged, using the above assumption. 


Nagy et a/. (1978) showed that the a-helix content from 
[6]... for a pure a-helix with the added refinement of 
allowing for lengths of the helical segments (Chen et al., 
1974) can be used to arrive at an a-helix content for CB9 
with and without Ca’?* and the difference between these two 
values waS in good agreement with the value derived from the 
difference CD spectrum by the curve fitting procedure. We 
have used this method to calculate the number of a-helical 
residues in TnC and its fragments with and without Ca’* as 


Shown sn Table, Lil-4: 


where f is the average number of residues per helical 
segment of the protein molecule. As reported by Nagy et al. 
(1978), the helical segments in TnC and its fragments are 


unlikely to contain more than 8 to 10 residues. 


5. Calcium and trifluoperazine titrations of CB9 
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ens CB9 and TnC samples 


The CB9 sample was dissolved in 100 mM MES, 50 mM KCl, 
Parr DPT,’ mM EGTA Sohetoac: tht fer tora tconcent ration .of 
0.4 mM. The rabbit skeletal troponin C was dialysed against 
a 50 mM NH,HCO;, 1 mM EGTA, 1 mM DTT solution followed by 
water in the presence of chelex resin. The lyophilised 
sample was dissolved in 100 mM MES, 50 mM KCl, 1 mM DTT, 
PH 6.0 buffer to a concentration of img/ml. The 
concentration of these samples was verified by amino acid 


analysis. 


Di Trifluoperazine solutions 


Trifluoperazine was obtained as a hydrochloride powder. 
The purity of this material was assessed by thin layer 
chromatography on silica gel plates (Merck). The first 
solvent system used was composed of 3 grams of ammonium 
acetate in 20 mls of water and 100 mls of methanol. The Rf 
value of the only spot observed under both U.V. light and 
phenothiazine staining coiditions was 0.40. The second 
system used was composed of ammonium hydroxide, benzene and 
dioxane at a ratio of 5:60:35 respectively. The Rf value for 
the drug was 0.32. The positive identification of trifluo- 
perazine was obtained using the sulphuric acid/formaldehyde 


test described by Clarke (1969). The concentration of a 


| ae re | Ray, ahaa a 


ty 
poe Me 0 BEM Mn DOT mt oa dead ane: alew a tignes adie 


SAS TNE DIOO SG OF ae sinned wy 
iengiey “Rin <8" 5) “eons aay 


raniepe 


nora led BC ae T 


- it. neeeet te sto to. Sonressg | 

re hy tk : os aay he i. ‘Ki hiee rss. 
TO sin Min’ Oe (ee eo Ot ct bapdor athe | 
ee ee > “ 1 Dra i vA i A i 


yt Farge Rg nogenagtiagee®, 4 sano ie 


be pt Pao 26M aaiaaie saat a 


id nee 


: J i 
i) Le t 7 ne 


pebtey sbi 15 hd0c 5 aed ¥ sae cadet Bow 30 
ay fy 1 beaaeda ay aah hersioge 4 ate are 
vit od saa agai: ioe aati as pom 
i ayaa snow 
we if 08 al Perere 
bee. oteth iv Ae dddd she Berea ae bane add 1 0 o 


— i ; 


\ | 2 ae 
‘paces oaT Oh, 0 age, gmat neyo engoinwe eninge 491 nog > 


1 


4 
es 
+3 


midis eama, “ho nate F oe petit aan be 


ya rise iP fl i a 


Mt ant .foneisen Jo. Bim ger Dire: vate 


iy 


con 
tas snenned shine ray mite Erne to beaogtios ee a ; 


—_ 


sot swisy 3 +cT visws Soagaes: cS: beg veer 


aly 


~aubiiey to poidesta targiht bes: Ba 


1M) 


typical TFP solution prepared was determined both by weight 
and by optical density measurement at 256 nm, using an 
extinction coefficient value of 30,110 M-‘cm-'! 
(Clarke,1969). Both approaches yielded similar values. 
Because of the light sensitivity of phenothiazines, only 
fresh solutions of the drug were prepared and kept in the 
dark for the remainder of the experiment. Typically, 5 to 

30 mM stock solutions were made up for the C.D. experiments. 
Note that the pH of these stocks solutions was low (2.8 to 
3.3) depending on the trifluoperazine hydrochloride 
concentration. We avoided going above a drug concentration 
of 1 mM during the titrations since at these concentrations, 
the drug outbuffered the buffering capacity of our samples. 
The pH of the sample at the end of the titration was reduced 


by only 0.05 of a pH unit under these conditions. 


cn Determination of TFP and calcium binding constants 


The ellipticity values obtained at 222 nm for the 
calcium titrations were used to evaluate the calcium binding 
constant of CB9. The non-linear fitting procedure used was 
described elsewhere (section 4.b). In the case of the TFP 
titration of CB9 in the absence of calcium, the binding 
constant of the drug was evaluated using the following Hill 


plot equation: 
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where Y is the ratio ot Observed ellipticity, at. 222 0m over 
the maximum ellipticity recorded. er represents the 
association constant of TFP with the peptide CB9 and 

[TPP] one represent the calculated concentration of the free 
drug during each step of the titration. A linear 
least-squares fitting of the data gave a correlation 


coefficient of 0.99 while the observed slope was of 1.4. 


6. Garciunm titration of TAcA**STnC (90-123 )amidein ‘the 


presence of neuroleptic drugs 


a. Peptide:drug samples 


The following drugs were used without further purifi- 
cation; cis- and trans-thiothixene, benperidol, haloperidol, 
molindone, promethazine, chlorpromazine and fluphenazine. 
Their purity can be assessed by thin layer chromatography on 
Silica gel plates, using a solvent system composed of a 
ammoniaemethanol solwtion et a ratio of 1,5 20 9100) (Clarke, 
1969). Plates are then examined under ultraviolet light at 
254 nm or by spraying them with an acidified iodoplatinate 


reagent (Clarke, 1969). 


The buffer system chosen for the CD spectrophotometric 


Studies was 100 mM MOPS pH 6.0, 50 mM KCl, 5 mM EGTA. The 
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use of MES buffer is however preferable in future 
experiments since its pKa (6.15) insures a better buffering 
Capacity at pH 6.0 than MOPS (pKa of 7.2). The peptide was 
dissolved in the above buffer and dialysed overnight against 
the same buffer in order to remove traces of calcium. The 
appropriate drug was dissolved in the above buffer, then the 
peptide and drug solutions were mixed to produce a 
drug/peptide ratio of 2.3/1 (1.0 mM drug/0.43 mM peptide) 
and the CD spectra were determined. All peptide:drug 
solutions were freshly prepared and maintained in the dark 
throughout the circular dichroism experiments. Ellipticity 
measurements and the determination of the calcium binding 
constant of the peptide in the presence of these drugs were 


described in previous sections. 
L. NUCLEAR MAGNETIC RESONANCE 
1. 'H NMR meaSurements 
‘'H NMR experiments were performed with a Bruker HXS 270 


MHz spectrometer operating in the Fourier transform mode and 


equipped for quadrature detection. 


Past Metal contamination 


Peptide and TFP solutions were prepared in plastic 


vails and beakers to minimize calcium and lanthanides 
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contamination arising from their presence in glass matrices. 
All buffers were prepared from deuterated water and treated 


with Chelex resin (previously equilibrated in D,0). 


Calcium and lanthanides will interact with the glass 
surface of the NMR tubes. One should thus insure the removal 
of all traces of metal prior to the use of these tubes. The 
following sequence of soaks and washes was adopted: 

i) Chromic acid soak, 30 minutes 

ii) Double distilled water wash 
Hii) 3 'N HCI/25% ethanol soak, 30 minutes 
iv) Double distilled water wash 
v) Deuterated water rinse 
vi) Lyophilization of NMR tubes 
The tubes were cleaned and lyophilized one day prior to 


their use. 


Se Metal solutions 


All calcium stock solutions were prepared from reagent 
Grade rcaci. 2h. O Gissorved in D2O. The: Cas] content was 
determined by EDTA titration using murexide as the end point 


indicator (Blaedel and Knight, 1954). 


The lanthanum, lutetium and gadolinium solutions used 
in this study were prepared from reagent grade LaCl;,.5 H,0, 


Lu.0O, and GdCl,.6 H.O. The lutetium oxide was converted to 
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its chloride form by addition of an equimolar quantity of 
hydrochloric acid. The solutions were made up in 100 m KCl, 
OG. | mM DSS “and adjusted” to “pH 6.0 with NaOD or “DCT. Their 
lanthanide content was determined by EDTA titration using 
xylenol orange as the end point indicator (Lee and Sykes, 


TIEO). 


4, Carciumeti erations. of ACcSTNC( 103-123). \ACAY *STnG- 


(98-123)amide and AcA°®®STnC(90-123)amide 
a, Peptide samples 
The peptides were dissolved in 10 mM PIPES, 0.1™M KCl, 
Do 5emM DSS ine D.O- pH. 6.62 
sg Spectral parameters 
A typical spectrum was obtained from 1000 acquisitions, 
using a 1 second acquisition time, a 9 Us pulse width 


(~90°), a + 2000 Hz sweep width and a line broadening value 


Ohm ly evan 
ol Laser Photo-CIDNP experiments 
Kaptein (1978) has developed a NMR technique which 


allows the selective detection and assignment of resonances 


from exposed histidine, tyrosine and tryptophan residues. 
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The technique abbreviated laser photo-CIDNP is based on the 
use.ofia laser to produce a photochemically induced dynamic 
nuclear polarization effect on the protons of these aromatic 
Side chains. Essentially, the method involves the use of a 
flavin dye which is photochemically excited to a triplet 
State during a brief laser irradiation of the NMR sample 
fBte05( 1) be 
Ave iignt 
F > ae > 3 (1) Photo excitation 


of the dye 


Any peptide or protein tyrosine, tryptophan or histidine 
side: chains, (Tyr(109) of rabbat.skeletal.troponin,¢ in our 
case) accessible to the excited flavin will reversibly react 
with the dye to yield a transient radical pair. This step is 
depicted in the case of tyrosine 109 where the triplet state 


species *F abstracts its phenolic hydrogen atom (step (2)). 


Tivis(eO9) OH = 324 eo ery Tio) O°. “+. “hh e (2) Radical 


format ion 


Nuclear polarization will occur upon recombination of the 


radical pair created (step (3)). 


Tye (HO Wao ein ty Hen See Tyr(109)cOH et F (3) Radical 


pairing 


Photobleaching of the dye may also occur as flavin molecules 
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can recombine to generate a non-excitable form of the dye 


(step (4)). 
2 FHe = FH ot) F (4) Photobleaching 


Similarly, an overexposure of the sample to laser light will 
increase the chances of protein or peptide modification 


through the presence of reactive side chain species. 


The effect of nuclear polarization can be readily 
monitored by 'H NMR as the spectral lines belonging to these 
particular side chain protons will be selectively enhanced. 
The enhancement pattern (emission or absorption) can be 
predicted by a series of CIDNP sign rules described by 
Kaptein (1971). In the case of tyrosine aromatic protons, a 
strong emission pattern (a negative enhancement of 28 times 
the size of the doublet) is observed for the 3,5 proton 
doublet while the 2,6 proton doublet is only slighty 


enhanced (1.7 fold increase in absorption). 


A Spectra Physics Model 164 argon ion laser was 
utilized to illuminate the flavin containing sample. The 
10 mm flat bottomed NMR tubes used contained typically 
jia2e ml ofa 0.5. mM peptide solution (10-mM PIPES, 0). 1 °M KCl, 
Oe5emMiDSS innD, Oo mMecacl., ph 6.8). Av Ulealiquot conta 
50 mM FMN stock solution was added to the NMR tube. The data 


was acquired in an alternating pattern, i.e., one spectrum 
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of the non-irradiated sample followed by one of the 
irradiated sample, with a 10-second delay between the light 
and dark spectra. The light spectra were irradiated with 
Beonwatts Of power “for 1 Second prior to accumulation of the 
FID. Blocks of 8 spectra were collected using the spectral 


parameters mentioned before (section G.4.b). 


oy Cercium and trittueperazine trtrations Of "CB *and 


AcA® *STnC(90-104)amide 


a. Peptide samples 


The peptide CB9 was dissolved in 15 mM PIPES, 
Ome IKCL, 0.2 mMeDSS 7 hpono.60, Al2 Ul aliguot of 
B-mercaptoethanol was added to the 400 ul NMR samples before 
the experiment. As observed in a preliminary NMR spectrum, 
the addition of a reducing agent is essential for the proper 
folding of the fragment (spectrum not shown). As for the 
peptide AcA°®*STnC(90-104)amide, it was taken up in 25 mM 


KH,PO,, 50 mM KCl, pH 6.0. 


oe Trifluoperazine solutions 


The purity of the drug was assessed earlier (section 
J.5.b) and proven adequate for ‘'H NMR studies. Solutions of 
trifluoperazine (30 mM) were freshly prepared in either 


15 mM PIPES, 0.1 M KCl, 0.2 mM DSS, pH 6.80 or 25 mM KH,PO,, 
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50 mM KCl, pH 6.0 and were maintained in a dark environment 


throughout the 'H NMR experiments. 


a Spectral parameters 


For the peptide AcA’**STnC(90-104)amide, a typical 
spectrum was obtained from 1000 acquisitions using a 1 5 
acquisition time, a 9 us pulse width and a line broadening 
of 1 Hz. For the CB9 fragment, spectra were obtained from 
4000 acquisitions using a 0.5 s§ acquisition time. All other 


parameters were as described above. 
6. Lanthanide titrations of AcSTnC(103-115)amide 


a. Peptide samples 


The metal-free spectrum was obtained from a 8.3 mM 
peptide sample (400 ul) dissolved in 15 mM deuterated 
Imidazole, 100 mM KCl, 0.2 mM DSS, pH 7.0. The lanthanide 
titrations were performed on 0.8 mM samples of AcSTnC- 
(103-115)amide taken up in 100 mM KCl, 0.1 mM DSS and 
reajusted to pH 6.0 with a 0.5 N NaOD solution. In the case 
of the gadolinium titration, the 0.8 mM sample also 
contained 1.3 mM LaCl,. The pH of the samples were monitored 
before and after the metal titration and were shown to 
remain at their initial value of 6.0. The exact peptide 


concentrations were determined by amino acid analysis. 
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Alternatively, absorbance measurements at 280 nm (extinction 
coefficient value of 2100 M-'cm~') can be used to estimate 


the peptide concentration. 


b. Spectral parameters 


For the apopeptide (metal-free), the spectrum was 
obtained from 4000 acquisitions with a sweep width of 
+2000 Hz and a 2 § acquisition time. The resolution in the 
Spectrum was enhanced by zerofilling the 16 K FID to 32 K. 
The decoupling experiments were performed by irradiating 
selected resonances in the apopeptide spectrum and observing 
their connectivities with other resonances. Typically, 256 
acquisitions were taken for each spectrum with a sweep width 
of +2000 Hz, a 1 § acquisition time, a 8 us pulse width 
(~80°) and a line broadening of 1 Hz. Spectrum parameters 
for the lanthanide titrations where as follows; 4000 
acquisitions with a sweep width of +2000 Hz, a 0.5 § 
acquisition time , a pulse width of 8 us and a spectral line 


broadening value of 1 Hz. 
Gn Determination of La?* and Lu** binding constants 
The following equation was used to determine the 
quantity v3 
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where 6. represents the chemical shift of a peptide 
resonance in the metal-saturated spectrum, OA is the 
observed chemical shift value for this resonance at a 
Perticular point :of Ubhe *titration? white Oe represents the 
resonance position in the absence of metal. This quantity 
was calculated for a variety of resonances during the course 
of a lanthanide titration. The averaged Y value for each 
titration point was plotted against the metal:peptide ratio 


and the binding constant was determined by a least-squares 


fitting of the data set to the equation; 


PO 
Y = [(M,+P,+Kd)-((M,+P,+Kd)? - 4M,P,) ]/2P, 


where M, and P, represent the total concentration of metal 
and peptide in the sample and Kd is the metal dissociation 
constant to be determined . Note that metal precipitation 
problems occured when the peptide solutions were titrated 
rapidly (addition of large aliquots of metal ion) or when 
the pH of the peptide solution was close to 7.0 (slow 
formation of hydroxides). Binding constants were determined 


from titrations where no precipitation was observed. 
a. Gadolinium titration 
The gadolinium titration was performed on a 0.8 mM 


sample of AcSTnC(103-115)amide dissolved in 100 mM KCl, 


0.1 mM DSS, 1.3 mM LaCl, and reajusted to pH 6.0 with a 
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0.5 N NaOD solution. The sample was titrated by adding 
aliquots of a 1 mM Gd** solution to the NMR tube. Note that 
Since most protons are within 10 A of the metal, only trace 
amounts of gadolinium (< 5% of the peptide concentration) 
are required to excessively broaden the observed resonances. 
It was thus necessary to add an excess amount of lanthanum 
to the NMR tube to insure that the small concentrations of 
Gd** present in the sample did not fluctuate due to the 
known interaction of such metals with glass matrices (Jones 
et al., 1974; Marinetti et a]., 1976). The exact peptide 


concentration was determined by amino acid analysis. 


At the initial lanthanum and AcSTnC(103-115)amide 
concentrations of 1.27 mM and 0.77 mM, respectively; 98 % of 
the peptide can be calculated to exist in the bound state 
Wsingva La-* binding constant. of 1.1 x 10°Mr* (chapter -1V). 
The percent peptide bound to gadolinium was calculated using 


the following relationship 


%Ga** bound = - 98 x. ['Gd?* ], 


GGG lave: Glass’) o 


The terms, tGa se ane waa |, indicate Ene itoral 
concentration of gadolinium and lanthanum in the NMR tube. 
This expression assumes that Gd*°* and La’* have the same 
affinity for the peptide and that the amount of Gd°* added 


is small so that the fractional saturation of peptide by 
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metal is unchanged. 


e. T, and T, measurements 


The spin-lattice relaxation times (T,) of well defined 
proton resonances were determined from progressive 
Saturation experiments. Typically the total delay time 
between spectral acquisitions was varied from 0.21 s to 4 5 
and 300 free induction decays (FID) were collected for each 
Gelay time, using a 9.5 us (90°) pulse width, a 0.2 s 
acquisition time, ape 2500 Hz sweep width and a line 
broadening value of 1 Hz. Peak heights of the resonances 
were measured and plotted as a function of total delay time 


between pulses following the equation 
Meo Met iecus/ 2) 


where t is the total delay time, M and me are the maximum 
and observed resonance peak heights and T, the spin-lattice 


relaxation time for the proton nucleus investigated: 


The spin-spin relaxation times (T,) of six well defined 
resonance patterns (Gly-108, 3.5 ppm doublet; Tyr-109, 7.00 
ppm and 6.80 ppm doublets; Ala-106,-112), 1.45 ppm and 1.30 
ppm doublets; Acetyl-Asp-103, 2.00 ppm singlet) were 
determined using a lineshape analysis program to determine 
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T Av = ewe 


where Ay represents tne Hine width (inaszyeor ea: particular 
resonance line at half height. Spectra used for the line 
width measurements were obtained from 4000 acquisitions 
using a 0.5 § acquisition time, a 8 us pulse width, a 


+ 2000 Hz sweep width and a line broadening value of 1 Hz. 
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CALCIUM-INDUCED PEPTIDE FOLDING: IMPORTANCE OF N- AND 


C-TERMINAL HELICAL REGIONS OF THE EF HAND 


Peete oT ROSCOPTC STUDIES OF ANALOGS OF SITE Dili OF RABBIT 


SKELETAL TROPONIN C 


Our group has been involved in developing a dynamic 
model to describe calcium-induced protein folding in 
troponin C, calmodulin and related proteins. Upon Ca?* 
addition to these Ca’**-modulated proteins, large increases 
in the a-helical content and a general increase in 
compactness of these molecules have been observed by 
intrinsic fluorescence (Leavis and Kraft, 1978; Dedman et 
al.,\977 + Dabrowskaet al «;.1978>) Cox ef a/.., 1979) and 
Circular dichroism (Leavis and Kraft, 1978a: Liu and Cheung, 
1976: Wolff et al., 1977: Hincke et al]., 1978; Walsh et al., 
1978). 'H NMR spectroscopy has also been used to study the 
conformational changes in these proteins (Seamon et al., 
197.7-- Levine et ial., i1977*, Levine et al., 1978: Seamon, 
1980; Hincke et a]., 1981b). However, it 1S extremely 
difficult to probe local molecular events in a single 
calcium binding site in these multi-calcium binding site 


proteins. To overcome this problem several groups have 
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isolated fragments containing one or several calcium binding 
Sites from parvalbumin (Derancourt et a/].,1978), troponin C 
(Leavis et a]., 1977, 1978; Grabarek et a]., 1981) and 
@almoguhimie(Drabi kowskinenea: so, al977)) Walshtetval >, “19777. 
Biochemical and spectroscopic studies on these peptides have 
generated a wealth of information about regions of 
interaction of these calcium binding proteins with target 
proteins such as troponin I, phosphodiesterase and 
phosphorylase kinase (Leavis et a]., 1978; Grabarek et a/., 
199h; Kuzgnreki-et) al afiros .porsinvlarly.) the calcium 
affinity of these isolated sites and the amount of secondary 
and tertiary structure perturbations observed as a result of 
calcium addition (Leavis et a].,1978; Nagy et a/]., 1978; 
Birnbaum and Sykes, 1978; Evans et a/]., 1980; Leavis et al., 
1982) have permitted a partial description of the folding 
pattern of such peptides in the apo- and metal-bound states 
and have enabled investigators to propose as in the case of 
troponin C, the location and extent of structural changes 
due to the presence of calcium. However, the size and choice 
of chemical and enzymatic fragments obtained often limit 
their usefulness in generating information about 
calcium-induced folding and the location of a-helical 


regions. 


The unique approach adopted by our group was to study 


folding events by chemically synthesizing a single calcium 
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binding site and analogs thereof, and to compare their 
calcium binding characteristics and observed folding 
pattern. Site III of rabbit skeletal troponin C was chosen 
as the model for our synthetic analogs on the basis of the 
following two criteria: 

1) This site has previously been shown to retain its 
calcium binding ability (Kca ~ 10°5M~') when isolated as a 
cyanogen bromide fragment of rabbit skeletal troponin C 
MFag. Ill.1, first sequence) and, 

2) Its calcium binding loop possesses key features 
predicted to affect the stability of the calcium:peptide 


complex (Reid and Hodges, 1980). 


The sequences of three synthetic analogs are presented 
in Fig. III.1. Their synthesis and purification have been 
discussed in chapter II. The first sequence represents the 
cyanogen bromide fragment containing the Ca’* high-affinity 
Site III of rabbit skeletal troponin C (CB9) (Collins et 
al., 1973). The synthetic peptides have an identical 
sequence to the native fragment CB9, except for the 
replacement of cysteine 98 by alanine, in order to avoid 
problems associated with sulfhydryl groups. Their lengths 
Varyeatron ij (ACES tne GL03-123)) to 26-s4AcAY *STnc- 
(98-123)amide) and finally 34-amino acid residues (AcA’*- 
STnC(90-123)amide), through the extension of the N-terminal 


region of the molecule. The peptides were acetylated at the 
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N-terminus and the C-terminus blocked as an amide, except 
for the 21-residue analog which contains an unblocked 
a-carboxyl group. By protecting the ends of these fragments 
we do not generate extra charges which are absent in the 


natural protein. 
ay SECONDARY STRUCTURE ANALYSIS 
ies Crrcular dichroism results 


a. Erfect of calcium and trifluoroethanol.on the 


peptide secondary structure 


The preparation of a 21-residue synthetic analog of the 
helix-loop-helix unit (Reid et a/., 1980) provided a model 
with which to study Ca?*-protein interactions. However, the 
Ca?*-binding constant of the model peptide studied was too 
low in aqueous medium (Table III-1) to be of any value in 
Structure affinity studies. Another 21-residue analog 
reported here has similar Ca**-binding properties im both 
aqueous and hydrophobic media. As found previously, 
acetylation of the 21-residue analog resulted in changing an 
Mmactive Ca-" “pindinguuniuerto a lowsaffiinaity, Cat" —binding 
unit which could be explained on the basis of removing the 
repulsion between the positively charged N-terminal amino 
group and the cation (Reid et a/., 1980). Therefore, 


elongation of the peptide by addition of residues to the 
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TABLE III-1 


cact binding constants of the synthetic peptides and various fragments 


of the natural proteins containing a single calcium binding site 


Analog 


er “Sine (103-123)" 
AcSTnC(103-123) 
AcA?*stnC (98-123) amide 
AcA?°StnC(90-123) amide 
Carp MCBP 4.25 (1-75)° 
Carp MCBP 4.25 (76-108)° 
HSer7°°STnC (84-135) (CB9 
STnC (121-159) (TH2)° 
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“Aqueous and hydrophobic buffers are described under experimental procedu- 


res, chapter ll. 

Ptaken from Reid et al., 1980. 
“Taken from Derancourt et Clog IAS 
eralen from Nagy et al., 1978. 
“Taken from Leavis et al., 1978. 


MERE IS OE 9S BCT SE SEO 


2 
2 


10 
10 
10 
10 
10 
10 
10 


4 
5 
4 
2 
5 
10° 


(m"?) 
Hydrophobic buffer? 


972 
SRY) 
4.9 
O92 


So) ie SS DS 


10 
10 
10 
10 


an WH MO 


129 


Bere tara 2a by ( mats | hia. Ze Hoe, 


oa ‘ ae we ta > ; an a he 7 i o W lee ii et 


Omran ch Vee aed Sle AN 


q i ‘ 
‘i 
, tee eat) ACR Be Pe. 
oh i ab 
} es 
~ 
Ne hy 
ee Se re Doane 


“umiia balk ig Fahl ais pawn x, 
pir wetd rosetta stgnte's' 2 erry, S 


x a Dore) hav 
vee bao eeeeiet iat + beet fo any ene Trane y nt a : a 


et he 


tae I 


130 


N-terminal should be expected to produce the same effect as 
acetylation. Preparation of 26- and 34-residue peptides 
(AcA*® *STnC(98-123)amide and AcA*®*STnC(90-123)amide) not only 
resulted in peptides which bound calcium in aqueous medium 
but the Kca values were orders of magnitude higher (Table 
III-1) than the 21-residue acetylated peptide (AcSTnC- 
(103-123)). This result suggested that the extra residues 
added to the N-terminal region did more than just eliminate 
the detrimental affect of the N-terminal amino group on 
calcium chelation. Lenkinski and his co-workers (1983) 
recently noted that 12-amino acid long analogs (residues 64 
to 75) of site II of rabbit skeletal troponin C did not 
require blocking of the N-terminal amino group to achieve an 


apparent calcium bDingingeattanity ov 1-2 x 107M>*. 


Before considering the CD spectra of the peptides shown 
in Fig. 111.2, it ishimportant to understand) the. basic 
assumptions involved in their interpretation. The 21-, 26- 
and 34-residue apopeptides in aqueous medium show increases 
in negative ellipticity when compared with the random coi] 
spectra observed for the peptides in 8 M urea (Fig. III.2). 
We interpret these changes as the development of nascent 
helix representing a structural change which is not large 
enough to account for the formation of a minimum helix of 
one turn. Addition of calcium or trifluoroethanol to the 


apopeptides in aqueous medium produces large increases in 
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Fig. Ill.2 


PS 


-3 = 
[6] x 10 (deg-cm?- dmole 4) 


WAVELENGTH (nm) 


Circular dichroism spectra of the peptides. Calcium, 
trifluoroethanol, and 8 M urea-induced CD spectra of 
(A) the 21-residue, (B) the 26-residue, and (C) the 
34-residue peptide. 1, apopeptide in 8 M urea, 100 mM 
Tris, 50 mM KC1, 5 mM EGTA, pH 7.2; 2, apopeptide in 
aqueous medium; 3, calcium-saturated peptide in aque- 
ous medium; 4, apopeptide in hydrophobic medium; 5, 
calcium-saturated peptide in hydrophobic medium. 
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negative ellipticity, indicative of secondary structural 
changes involving e-helix formation (Fig. III.2; Table 
III-2). Maximum [@].,,. values were elicited from all 
peptides in the presence of 50% trifluoroethanol and we 
conclude that this indicates the formation of the maximum 
amount of a-helix possible with these peptides. The 
21-residue peptide is the common segment in all three 
peptides and this segment consists of the loop region and 
C-terminal helixvof the helix=loop-helix.Ca*isbinding unit; 
therefore, all helix changes determined by. CD which are 
greater than those determined for the 21-residue peptide 
under corresponding conditions are assigned to the N-termi- 
nal helix region of the 26- or 34-residue peptides. Lastly, 
Since the maximum amount of helix possible is formed in 50% 
trifluoroethanol, any CD changes elicited by addition of 
Ca?* to the peptide in 50% trifluoroethanol must be 
attributed to loop formation and will not be considered as 
part of the [0]... values involved in the helix formation. 
As a result, all Ca?*-saturated peptide spectra are 
corrected for loop formation by subtratting the loop spectra 
determined as the difference spectra between the appropriate 
peptide in 50% trifluoroethanol with and without calcium. 
The difference spectra so obtained are similar for the 26- 
and 34-residue peptides ( [0]... for the 26-residue peptide 


TOODULOrmatuion, «72s [6]... for the 34-residue peptide 
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TABLE I1I1]-2 


Circular dichroism studies on synthetic peptides and isolated 
fragments from calcium binding proteins 


[8Jo20 
a Aqueous medium Hydrophobic medium 

ene log ae eae pes ee 
ACP"? “StnC (103-123) SIHOO0 1626600. -<9.1D0) 2121000 
AcSTnC(103-123) =m o00* See1d07* #6 Boor “TT ¥a00 
AcA STnC(98-123) amide -3,900 -7,700 -10,800 -12,100 
Reals SinCi 90-423) amides | Aas0) «95200 . -12,300.. -13,400 
Carp, MCBP 4:25 (1-75) 
Carp MCBP 4.25 (76-108) 
HSer  STnC(84-135)(CB9)" -5,730 -10,800 
STnC (121-159) (TH2)? -5,000 -9,800 


7A11 synthetic peptides and fragments of the calcium binding 
proteins contain a single calcium binding site. 

bcBg and TH2 [6] values are at 222 nm from Nagy et al., 1978 
and Leavis’ .et~at.% 1978. 
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loop formation, -724°); however the 21-residue peptide gives 
a larger difference than obtained with the former two 
peptides’ ( [@]%.3% =28002)e.The reason for this discrepancy 
1s not known but likely involves structural change in 
eagdrevon to loop formation, upon additionszor, caléium: in 
trifluoroethanol. Therefore, the 21-residue spectra in the 
presence of calcium were corrected for loop formation using 
[6].22 values obtained for the 34-residue peptide. The 
Significance of this alteration in calculations for the 
21-residue peptide became obvious during the curve fitting 
procedure when the fit went from poor (<70% variance 
accounted for) to good (>96% variance account for) when the 
21-residue [@],., values for loop formation were replaced by 


the 34-residue [0]... values. 


To examine the structural changes occurring in the 
peptides in response to the presence of trifluoroethanol or 
Ca?* we subjected our CD data to a nonlinear least-squares 
computer program for curve fitting based on the equations of 
Chen Gin ai.) Gi97e)asaaescribed in chapter Fl ..contrary te 
the inability of Nagy et a]. (1978) and Leavis et a]. (1978) 
to obtain reasonable computer generated fits with the CD 
data for their fragments, we were able to generate 
reasonable fits (>95% variance accounted for in all 
generated fits). This ability may have arisen from our use 


of the 26- and 34-residue spectra in 8M urea as the CD data 
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Gimrcloca) for randomesenucture, since ifiwe used the, data of 
Chen et a]. (1974) for random structure we did not get 


reasonable fits to our data. 


Table III-3 shows the number of residues involved in 
Structural changes induced by calcium and trifluoroethanol 
in the 21-, 26- and 34-residue peptides over and above the 
Structure of the 21-residue peptide in the absence of 
calcium, presence of calcium and presence of trifluoro- 


ethanol. 


loys Analysis of the peptides a-helical content 


The addition of calcium to the 21-residue peptide in 
aqueous medium induces the formation of 2 to 4 residues of 
nascent helix most likely involving residues 112-114 of the 
peptide (Fig. III.3) The calcium ion can be seen as a 
Stabilizing factor involved in the nascent helix formation. 
As seen in the crystal structure of parvalbumin (Kretsinger 
and Nockolds, 1973) and discussed previously (Reid et al., 
1980; Reid and Hodges, 1980), the glutamic acid residue in 
position 12 of the loop region (Glu-114) must be ina 
position to chelate the cation in the -Z coordinate. of the 
octahedral coordination sphere. This orientation of Glu-114 
can best be made if this residue is part of an a-helix 


involving residues 112 to 114. 
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The addition of trifluoroethanol to the 21-residue 
apopeptide results in the induction of a single helix since 
the peptide contains only the C-terminal helix region of the 
helix-loop-helix unit. These 6 residues of a-helix induced 
by trifluoroethanol (Table III-3) can be assigned to the 


region covering residues 112 to 117. 


The 26- and 34-residue apopeptides can be seen to 
contain more structure in aqueous medium than the 21-residue 
apopeptide (Table III-2, Fig. III.2) with the 34-residue 
apopeptide having the largest amount of structure of the 
three peptides in aqueous medium. The 26- and 34-residue 
peptides are therefore assumed to have two areas of nascent 


helix as shown in Fig. III.3. 


The addition of calcium to the 26-residue peptide 
results in the addition of four residues of a-helix over and 
above that obtained for the Ca**-saturated 21-residue 
peptide in aqueous medium (Table III-3). These structural 
changes are assigned to the N-terminal side of the loop 
(Pig-ei ri sip JUSt aceGlu-a114 chelating Cass ~stabilizes ‘the 
C-terminal nascent helix, Asp-103 chelating Ca** in the +X 
coordinate of an octahedral coordination shell could be 
responsible for stabilizing the N-terminal a-helix. For this 
reason we attribute the four residues of a-helix to the 


region 100-103. Thus we can see the beginning of a 


eer 


eybiasre?s adt 
sonia “iled elgeni2 6 v0 cotdaulin 


S4¥ Bo (Aeiget xitea Lautan oad er Bntarten, pe 


ae soieten? » meat? ‘tbo xt “Q 


Seoubat atied<_ t0 


* ‘gay #9 bedoiees nH, 4e- pil anew ty nat son0UL 3 
vant a | 
ac ep sobt qitnes seine bow as 


gubiepa'S. S03 ngte’ meek Sim suseups' me, ‘waygounte ‘oxogt 
{2 gee CS SET veh sSrtah ane. sot 


soiree s=ht Bre -a%. sat sata we nce 


INSET ‘Lo zasns, ond ovat sod 


Sas T9¥0 Kebed~e ro saulBtaen yee Bo 
pubides-r oa sgpyaaenhins 

taxbpmitte daial (ont on ibe 

qaod atts ba ob ia, in a0 as: ota. 2 “bongivss i” ~ pe . 

at eonittdeze 7 BIN —— a8 saniels ‘ 


Ke ait’ a.” 


eid> 10% iktitern-a anita men . soins stan 30 stat 


+ gets 0 eEGai-n 20 Salonga Swe ada eoauiitea 99 


to pttanioad git pe neo 9 


isg 


Ca**-initiated helix on the N-terminal side of the loop 
region. The addition of trifluoroethanol to the 26-residue 
peptide results in the addition of 5 residues of a-helix 
over and above that obtained for the 21-residue peptide in 
aqueous medium (Table III-3). The close agreement between 
the helix induced by calcium and trifluoroethanol suggests 
that calcium has induced essentially all the potential helix 


on the N-terminal of the peptide. 


Finally, addition of calcium to the 34-residue peptide 
in aqueous medium results in the addition of seven residues 
of a-helix over that obtained in the Ca?*-saturated 
2i-residue peptide (Table III-3). These seven residues are 
assigned to the N-terminal side of the loop region around 
residues 97-103 (Fig. III.3), thus extending the N-terminal 
helix formed by addition of calcium to the 26-residue 
peptide. Similarly, trifluoroethanol shows an increase of 9 
residues of a-helix. Again, calcium has induced almost all 
of the inducible a-helix (7 vs. 9 residues) on the N-termi- 
nal end. Thus, the interpretation of the CD data outlined in 
Table III-3 and Fig. II1.3 places the majority of the 
a-helical structure induced by Ca’** in the N-terminal of the 
helix-loop-helix unit. This interpretation seems reasonable 
if we assume that the extension of the peptide on the N-ter- 
minal beyond that of the acetylated 21-residue peptide does 


not increase the amount of structure in the C-terminal helix 
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beyond that found in the 21-residue analog. This suggests 
that the majority of Ca’*-inducible structure resides in the 
N-terminal helix of the helix-loop-helix unit and is in 
agreement with previous studies using the CB9 fragment (Nagy 
et a]., 1978) in which Nagy et a]. assumed that one helical 
segment is formed upon calcium binding and that the segment 
is located in the N-terminal region of the Ca?*-binding 


site. 


Cn Effect of elongating the N-terminal region on the 


calcium binding affinity of the site 


The extension of the N-terminal region in the 
Ca?*-binding peptides results in an increase in the Kca 
value of the 34-residue peptide by 800 fold (Table III-1) 
indicating that this region provides some form of 
thermodynamic stability to the metal:peptide complex. It is 
also interesting to note that the work of Leavis et al. 
(1978) has suggested one of the TnI binding sites to TnC is 
located in the N-terminal region of the calcium binding site 
IIL SThus'*it would appear that region 90-103 in skeletal TnC 
and the homologous region, residues 80-93 of calmodulin 
(Watterson et al]., 1980) may be directly involved in the 


biochemical function of these proteins. 
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The Ca**-binding constants (Table! Il1=1) of the 21-", 
26- and 34-residue peptides in hydrophobic medium are 
Similar to one another and are 3, 1 and 0.4 orders of 
magnitude higher, respectively, than the corresponding 
peptide in aqueous medium. AS previously discussed for the 
Ree = STnC (103-123) peptide (Reid et al.;, 1980), these 
increases could be due to a prepositioning of the Glu-114 in 
a position ideal for chelation as well as by creating an 
environment unfavorable to ionized acidic residues. Whatever 
the reason, the effect becomes less pronounced as the N-ter- 


minal helix is lengthened. 


2 Ultraviolet difference spectroscopy 


The Ca?*-induced uv difference spectra of all three 
acetylated peptides in aqueous and hydrophobic medium is 
presented in Fig. III.4. The experimental approach used is 
described in chapter II (section J). All our analogs possess 
only one tyrosine located at the -Y position in the calcium 
binding loop. In the ultraviolet spectrum of the 
apopeptides, one observes a broad tyrosine absorption band 
peaking at 275 nm but the difference spectra (Fig. I11.4) 
resulting from the addition of calcium to each peptide 
solutions yielded a minimum in the 276-278 nm region in all 
3 cases. This represents a slight red-shift in agreement 


with similar observations made in the case of troponin C and 
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Fig. III.4 Calcium-induced ultraviolet difference spectra of the 
peptides. (A) the 21-residue peptide, (B) the 26-residue 
peptide, and (C) the 34-residue peptide in aqueous me- 
dium (---) and hydrophobic medium (——). Calcium con- 
centrations varied between 3.2-18.6 mM. Conditions used 
are described in the experimental procedures section. 
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its cyanogen bromide fragment CB9 (Nagy et a]., 1978). The 
red-shift 1S accentuated in the presence of trifluoroethanol 


were 2 minima are now observed (276-277 nm and 284-285 nm). 


It 1s doubtful that the single tyrosine side chain has 
moved to a more hydrophobic environment upon addition of the 
metal Since iodination and laser CIDNP experiments have 
proven its exposure to solvent at all times. The slight 
red-shift 1S more in line with a charge neutralization 
process arising from the binding of calcium in the vicinity 


Or toe Side Ghain. 


3s Proposed.model for the Ca*2-induced protein folding of 
troponin C 


The maximum amount of helix attainable by the 34-resi- 
due analog in hydrophobic medium (Fig. III.3) is less than 
that found in the crystal structure of site II in carp MCBP 
4.25 (Kretsinger and Nockolds, 1973) and less than that 
predicted by the Chou and Fasman method (1974a) (Fig. 
III.5). However, the maximum amount of C-terminal a-helix 
determined in the synthetic peptides (Fig. III.3) agrees 
reasonably well with that predicted by the Chou and Fasman 
method (i.e., residues 112-119) while the maximum amount of 
N-terminal a-helix determined in the synthetic analog (Fig. 


III.3, residues 95-103) is less than the length of 
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N-terminal a-helix predicted for the 34-residue analog by 
the Chou and Fasman method (Fig. III.5, residues 90-101). 
The disagreement of the amount of a-helix from our studies 
with the crystal structure of carp MCBP 4.25 may be due to 
the contribution from other areas of the larger protein to 
Stabilization of the a-helix in the region studied whereas 
the smaller peptide does not have some of these 
interactions. The fact that the amount of C-terminal helix 
of these synthetic peptides in hydrophobic medium agrees 
with the predicted helix as well as the fact that the 
majority of the C-terminal helix occurs only in hydrophobic 
medium and is not Ca’**-Sensitive suggests two possibilities. 
Either the C-terminal helix is not formed in rabbit skeletal 
TnC site III in the presence or absence of calcium, or the 
helix is preformed through side chain interactions with the 
protein hydrophobic core. The latter possibility agrees with 
the assumptions of Nagy et a]. (1978) that the C-terminal 
helix of CB9 is preformed and the N-terminal helix is 


Ca?*-sensitive. 


The conformational changes elicited in the model 
peptides, especially the 34-residue peptide, suggest some 
interesting speculations on the conformational changes 
involved in Ca?*-binding to the four units in rabbit 
skeletal TnC. Assuming that the C-terminal helix of the 


Ca?*-binding unit is preformed due to interactions of 
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residues in the helix with the hydrophobic core of the 
protein and that the ealcium sensitivity of the Ca’ =binding 
unit is due to Ca?*-induced conformational changes in the 
N-terminal region of the unit (ive., Ca?*-induced helix 
formation as demonstrated by CD changes of the peptides in 
aqueous medium), then the Ca?* induced conformational 
changes occurring in the helix regions of the four units in 
rabbit skeletal TnC or calmodulin may occur by the 
sequential binding of calcium (Reid and Hodges, 1980) as 


OutLinéd inwPrig<e T1126. 


The apoprotein is assumed to have approximately 57 
residues of helical structure (Table II1-4) which we assign 
to the C-terminat helices ot all four—sités (Fig.-)T1k.6)- and 
to partial formation of the N-terminal helices of sites I 
and II. These preformed helices are stabilized by side chain 
interactions with the protein hydrophobic core. Addition of 
the first calcium ion results in Ca’** complexation at site 
III (Reid and Hodges, 1980) and induction of the N-terminal 
helix of smae LIMP(Fig. IT11\64% The forffatiion of the N-ter- 
minal helix at-site III affects the “interaction of TnC with 
TnI since one of the TnI binding sites on TnC is thought to 
be around residues 89-120 (Weeks and Perry, 1977; Leavis et 
al., 1978). Binding of the second Ca?* ion to site IV 
results in formation of the N-terminal helix in site IV and 


Stabilization of the complex through helix interactions with 
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TABLE I11-4 


Correspondence between the number of residues in a-helical 
regions and molar ellipticity values in TnC and its fragments 


Calculated resi- 
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Tei’ YT, Tt (76) Tf 300 elas e00 © 842 42 
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TBP ie Ladle bila 01203 =o 000. -12..000, »40 53 
TH2 IV (39) Ese angre) - 9.700 8 14 
CB9 III (52) ee 7eo eo iueso0" | il 20 


SEPT ERG Me hatHe and TnC correspond to the natural protein and 
fragments isolated by Leavis et al., 1978. CB9 corresponds to 

they fragnent- isolated by Neoy retioats, 1976. 

PValues in parentheses correspond to number of residues in the 
fragment. 

“Calculation of helix content is described under experimental 

procedures (chapter II). 
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the hydrophobic core (Fig. III.6). We suggest here that the 
N-terminal regions of sites I and II are also partially 
preformed prior to Ca’** interaction with the high-affinity 
Sites. This assumption is necessary in light of the evidence 
for a small conformational change upon Ca?*-binding to the 
low-affinity Ca’**-selective sites (Potter and Gergely, 1975; 
Potter et a/]., 1976; Levine et a/]., 1977: Nagy and Potter, 
19768" Leavis ef al.; 19783"Sin et a]., 1978: Johnson. et al., 
1978). Based on a comparison of the differences in 
ellipticity values between Ca’?*-saturated TnC and apoTnC and 
Ca**-saturated sites III and IV (TR2 and apoTR2) (Table 
III-4), our calculations suggest that Ca?* addition to the 
low-affinity sites results in roughly 12 residues of a-helix 
which could be equally divided between the N-terminal 
regions of sites I and II. Thus, a third cation binds to 
Site II (Reid and Hodges, 1980), inducing the remainder of 
N-terminal helix formation (Fig. III.6), that is 
approximately 6 residues of a-helix, and hence affecting the 
second site of interaction of TnC with TnI assumed to be in 
residues. 46-77 of TnC (Weeks and Perry, 1977; Leavis et al., 
1978). This may indicate the reason for the assumption that 
the low-affinity Ca?*-selective sites trigger the 
physiological activity of TnC meaning that both TnI binding 
Sites on TnC must be altered before the physiological 


activity can be elicited. Finally, site I binds calcium 
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(Reid and Hodges, 1980) with complete formation of the final 


N-terminal helix (Fig. III.6). 


This sequence of events agrees with the conformational 
changes which occur in the fragments containing sites III 
and IV together and separate CPR2. 4 "TH2;.(CBSvan, Table Ti1-4) 
which, in general, show a near doubling of the [@].,., values 
Moone acdition of calcium) (Leavis et a/., 1978) which could 
be explained by Ca’?*-induced formation of one of the two 


helices while the other is preformed. 


If we assume that there are 11 residues in each of the 
eight helices, then preformation of the four C-terminal 
helices and half of each of the N-terminal helices around 
Sites I and II (Fig. III.6) will produce 55 residues of 
a-helix, close to the estimate of 57 residues suggested by 
the [6]... of apoTnC (Table III-4). Addition of 2 moles of 
calcium to our model (Fig. III.6) results in formation of a 
total of 77 residues of helix which is 65% of the total 
change (Table II1-4). This value is similar to the 62% 
suggested by Johnson et a]. (1978) but less than the 80% 
suggested by Nagy and Gergely (1979). This then leaves a 35% 
of total ellipticity change for Ca’?*-binding to the 
low-affinity sites which is accounted for by twelve residues 
of helix distributed between the N-terminal helices of sites 
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This model is in disagreement with that outlined by 
Nagy and Gergely (Nagy and Gergely, 1979; Evans et al., 
1980; Carew et aj]., 1980) in which they claim that of the 
eight helices present in the final Ca?*-saturated protein, 
five are preformed and insensitive to Ca’?* while three 
remain sensitive to calcium. The five Ca’**-insensitive 
helices are said to be the four helices flanking sites I and 
II as well as the helix on the C-terminal side of site III. 
This leaves the helices around site IV and the helix on the 
N-terminal side of site III as the Ca’**-sensitive helices. 
These deductions are based heavily on the fragments TR1 
containing sites I and II (Table III-2) which shows no CD 
change on Ca’* addition (Leavis et a/]., 1978) and fragment 
CB9 containing site III which increases [0]... by 50% on 
binding Ca?* (Nagy et a]., 1978). However, their model 
offers no explanation for TH1 which contains sites I, II and 
III, yet shows more helix change than CB9 alone or TR2 
containing sites III and IV which shows sixteen residues of 
helix structure present (Table III-4) in the absence of 
calcium, more than can be accounted for by one preformed 
helix, and this fragment also shows 47% increase in helix on 
Ca?* addition which would more likely be accounted for by 
formation of two, not three, helices. Nagy and Gergely's 
model also fails to account for TR2 containing site IV alone 


which shows an eight residue helix in the absence of calcium 
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and the addition of six more residues in the presence of 
calcium (Table III-4). The fragment TR1 containing sites I 
and II which shows no change upon addition of Ca’?* and the 
fragment TH1 containing sites I, II and III which changes 
only slightly upon binding calcium are inconsistent with the 
changes predicted by our model (Table III-4). The 
explanation we suggest for these discrepancies is that the 
conformations of the helical regions in site I and II are 
heavily dependent upon control by the high-affinity sites 
III and IV. Cleavage of the two low-affinity sites from one 
or both of the high-affinity sites removes the high-affinity 
Site control of the low-affinity sites and results in hydro- 
phobic interactions between the two low-affinity sites such 
that these sites behave as our peptides in hydrophobic 
medium (Fig. III.3) and all helices become preformed and 


Ca?*-insensitive. 


Our model is different from that of Nagy and Gergely in 
that we maintain that the N-terminal helices of site I and 
II are partially Ca*?*-sensitive and partially preformed in 
the absence of calcium. The latter conclusion had to be made 
in light of the large amount of helix in the apopeptide and 
the former conclusion was drawn from the fact that the 
[6].2>° in TnC involved in Ca?*=-binding to the low-affinity 
sites is approximately 38% of the total change (Johnson et 


al., 1978) and thus must involve significant a-helix 
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formation rather than the subtle changes such as tightening 
of B-turns or additions of one or two peptide units to 


existing helices suggested by Nagy and Gergely (1979). 


Our model for Ca?*-induced conformational changes in 
TnC outlined in Fig. II1.6 is more consistent than previous 


models and agrees with the two major assertions that: 


(1) the majority of conformational change in TnC occurs 
Guraing addition of calcium to the high-affinity Ca’ */Mg?* 
Sites in TnC (Potter and Gergely, 1975; Potter et al., 1976; 
Levine’ et° al., 1977: Leavis et a]., 1978; Sin et al]., 1978), 


and 


(2) the low-affinity Ca?*-selective sites are responsible 
for the physiological activity of TnC (Potter and Gergely, 


1975* Potter! ef) al 1960". 


The major conclusion that we draw from these results on 
the Ca?*-induced conformational changes in rabbit skeletal 
TnC is that all helix-loop-helix units undergo induction of 
the N-terminal a-helix upon Ca?*-binding and this conforma- 
tional change is the event of importance for the functioning 


of the Ca?*-binding proteins. 


C. ANALYSIS OF SIDE CHAIN PERTURBATIONS 
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The small size of our analogs make them attractive for 
NMR studies. The proton spectrum is relatively simple to 
interpret and fluorine or other types of nuclear probes can 
be synthetically integrated to permit the study of dynamic 


events occurring upon €a’* ladditsaion: 


In this section, we have investigated using a selected 
number of 'H NMR resonances, the effect of calcium on the 
environment of several side chains in all three analogs 


prepared. 


ibe Assignment of resonances in the apopeptides 


Looking at Fig. III.7, we note that the apopeptide 
Spectra reveal the presence of two sharp doublets which have 
central resonances around 7.08 and 6.82 ppm. These doublets 
can be assigned to the meta (2,6) and ortho (3,5) protons of 
tyrosine 109, respectively. Similar resonance patterns were 
observed for bovine cardiac apo-TnC Tyr-111 (Hincke ef al/., 
1981b), rabbit skeletal apo-TnC Tyr-109 (Seamon et al., 
1977) and apo-CB9 Tyr-109 (Birnbaum and Sykes, 1978). The 
21-residue analog possesses a Single phenylalanine 
(Phe-119), the resonance of which is readily assigned to the 
multiplet region situated around 7.3 ppm, and resembles the 
free amino acid spectrum. All other analogs show a more 


complex phenylalanine region because their sequence contains 
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Fide tides ly NMR spectra of the synthetic peptides at various 
stages of calcium addition. [Peptide] = 0.5 mM in 
10 mM Pipes, 100 mM KCl, 0.5 mM DSS, pH 6.8. Reso- 
nances at 0.00 and 0.18 ppm arise from the presen- 
ce of DSS. 
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3 phenylalanines (Phe-119, Phe-102 and Phe-99), instead of 
one. Nevertheless, all the phenylalanine resonances are 
located in the region extending from 7.2 to 7.4 ppm as 


Similarly observed for the free amino acid itself. 


In the eliphatic region, the CH, protons of the 
acetylated N-terminal residue can be seen as a sharp singlet 
in the 2.00 ppm region. Its resonance position fluctuates 
only slightly in going from the 21-residue apopeptide to the 
longer fragments. This fact points out again the unfolded 
nature of these peptides, Since temperature denaturation of 
carp parvalbumin shifts the acetyl protons of the N-terminal 
Prom 2.13 to 2.00 ppm (Cave et a/., 1979). The sharp doublet 
Situated at 1.24 ppm in the 26-residue peptide has been 
tentatively assigned to the methyl protons of alanine 98. 
This assignment is based on the absence of such a resonance 
in the other analogs and because Ala-98 represents the 
acetylated N-terminus of the 26-residue analog. Finally, all 
the glutamic acid residues present in the 26-residue peptide 
are located at the beginning of the C-terminal region of 
this fragment. The y-CH, protons of these amino acids 
generate a clean signal at 2.30 ppm which will be used to 


investigate this part of the molecule upon calcium addition. 


Zn Effect of calcium addition 
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Figure III.7 shows the effect of calcium addition on 
each of the analogs. In the aromatic region of the 
21i-residue peptide, the sharp tyrosine ortho and meta 
doublets are decreased in intensity upon the addition of 
calcium and a new set of doublets appears. In addition, the 
new set of doublets shifts continuously upfield with 
increaSing calcium concentration (for example, the new meta 
doublet shifts from 7.08 to 7.01 ppm). From the behavior of 
the tyrosine resonance we can suggest that two populations 
of the fragment exist in the presence of calcium; one which 
is not affected by and may not bind calcium and a second 
which binds calcium with an off rate large enough so that 


the spectra are in the NMR fast-exchange limit. 


This pattern is very different for the 26- and 
S4-residue, fragments. Frect ctvall there 1s no fraction of 
either peptide which is not affected by calcium binding. 
Secondly, especially for the 34-residue fragment, the off 
exchange rate for calcium must be much smaller so that the 
spectra are in the NMR slow exchange rate with the 
calcium-bound spectrum coexisting with and sequentially 
replacing the calcium-free spectrum. The off rate for 
calcium for the 26-residue peptide is intermediate in that 
there is considerable slow-exchange broadening of the 
calcium-free and calcium-bound peptide resonances when the 


peptide is fractionally saturated with Ca’*. The meta 
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resonance of the 26-residue free peptide is broad at a 
Calcium to peptide ratio'yof.0.58. This transition to slower 
exchange processes may be explained as increased 
Stabiiizagion of the Ca-” ron-sins the bindingssite as the 


N-terminal region of these analogs is lenghtened. 


The phenylalanine region of the 21-residue analog 
indicates that Ca’** does affect the Phe-119 located in the 
C-terminal region of this peptide. It has been proposed that 
the C-terminal a-helix of this site in rabbit skeletal 
troponin C and CBS is Ca?*-insensitive (Nagy et a/]., 1979). 
However circular dichroism would not detect changes in side 
chain environment. It should be noted here that the 
resonances of His-125 of CB9 remain unaffected by Ca’* 


addition (Birnbaum and Sykes, 1978). 


The two other analogs show a broadened upfield shifted 
phenylalanine region in the presence of the calcium. The 
34-residue analog has an additional phenylalanine resonance 
in the calcium-Ssaturated protein positioned at 07 ppm. 
This resonance corresponds to phenylalanine protons as shown 
by the iodination experiment (Fig. I11.8). Such an 
assignment was also made in CB9. This different resonance 
pattern suggests that the environment of Phe-102 and Phe-99 
is affected by the lengthening of the peptide from 26 to 34 


residues. The Ca?* sensitivity of these aromatic residues 
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correlates well with their location in the proposed 
Ca?*-sensitive N-terminal region (Nagy et al]., 1979; Reid et 


18S,i 5098. 1)i. 


In the 21-residue peptide, Asp-103 is acetylated. The 
acetyl group methyl proton peak centered at 2.01 ppm in the 
Ca?*-free fragment is split into two distinct singlets (2.01 
and 1.92 ppm) in the presence of calcium. On extension of 
the N-terminal region only peak broadening is observed with 


the N-terminal acetyl group. 


The sharp doublet centered at 1.24 ppm in the 
26-residue peptide was assigned to Ala-98 methyl protons. 
This doublet* broadens’ considerably as a function of Ca** 
addition which suggests that the binding of Ca’* affects the 
environment of residues as far along as Ala-98 in the N-ter- 


minal region. 


The 26-and 34-residue fragments also show 
characteristic shifted CH, resonances in the 0.15 to 
0.50 ppm region, in the presence of calcium. These 
resonances are most likely due to the interactions of 
leucine or isoleucine side chains with aromatic rings. 
Calcium thus promotes the rearrangement of the peptide to 
allow the positioning of a phenylalanine or tyrosine ring 
near one of the leucine or isoleucine residues. The use of 


Kretsinger's (1973) molecular coordinates for parvalbumin CD 
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possible ring shifted upfield resonances in our analogs. 


Slurdeie ys WiteanGdeoiwiy are oll locatedsate the beginning 
Of tne C-terminus of the Ca*“-binding loop. These amino 
acids can be uniquely detected in the 26-residue analog 
Since their y-CH, protons produce a resonance located at 
2.28 ppm. This region in the 34-residue peptide is further 
complicated by the addition of four glutamic acid residues 
on extension of the N-terminal. The cesonanceu Necanens as 
the metal ion concentration increases. This agrees with 
Glu-114 being one of the ligands in the coordination sphere 
and helix induction of this region upon Ca?*-binding (Reid 


etal.) 1981). 


3. Titration of iodinated peptides 


In order to study the effect of calcium addition on the 
meta (2,6) protons of tyrosine 109 and to aid in eee 
resonances, we have selectively removed the ortho (3,5) 
protons from the ring, using the lactoperoxidase iodination 


method (Morrison and Bayse, 1970). 


In Fig. III.8, the spectra of two iodinated peptides 
are presented. The ortho proton resonances centered around 


6.82 ppm have disappeared and the meta proton doublet 
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(7.07 ppm) has now become a singlet shifted downfield to 
7.47 ppm. This resonance in both analogs almost vanishes in 
the presence of calcium, Suggesting they are either 
broadened or shifted into the main phenylalanine envelope. 
This observation, coupled with the appearance of a resonance 
at 7.07 ppm in the Ca’?*-saturated spectrum of the modified 
34-residue fragment, suggests that this resonance arises 
from a phenylalanine contribution in the unmodified peptide 
(Fig. III.7). This peak (7.07 ppm) was assigned to the 
combined effect of meta tyrosine protons and phenylalanine 
ring protons in CB9 (Birnbaum and Sykes, 1978). Birnbaum and 
Sykes (1978) commented that the possible presence of rather 
Significant amount of unfolded CB9 in their Ca’?*-saturated 
spectrum may explain the appearance of residual meta proton 


resonance at 7.07 ppm. 


A comparison of the apo-iodinated peptides to the 
unmodified peptides shows subtle modifications in the 
phenylalanine splitting patterns. Since this chemical 
modification is selective for tyrosine only and the reaction 
was carefully monitored, it suggests that the environment of 
our phenylalanines is affected by the substituents on the 
tyrosine ring. A general upfield shift (0.03 ppm) of the 
region situated between 7.2 and 7.4 ppm can be observed when 


comparing the unmodified and iodinated apopeptides. 
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4. Laser Photo-CIDNP of Ca’**-saturated peptides 


The laser photo-CIDNP spectrum provides an assignment 
Of the tyuosine ortho (3,5) protons and an indication of 
tyrosine exposure in the peptide. This arises because the 
tyrosine ortho (3,5) protons expérience a characteristic 
enhanced emission in the free amino acid, and the appearance 
of enhanced emission in the peptide indicates exposure of 
enewryrosine to thecdvyvesun Frq. 111.9, the 
calcium-saturated spectrum of each of our analogs is shown. 
The large negative enhancements in the laser photo-CIDNP 
difference spectra have permitted the immediate assignment 


of the tyrosine protons in the calcium-Saturated spectra. 


In the laser CIDNP difference spectra for the free 
tyrosine amino acid, the meta (2,6) protons,show a small 
enhanced absorption. However in proteins, with slower 
overall rotational correlation times, this can be reversed 
by crossfréelaxation of the meta_(2,6) and ortho (345) 
protons carrying the much larger negative enhancement of the 
ortho (3,5) protons to the meta (2,6) protons. This suggests 
that the resonance at 6.7 ppm in the calcium-saturated 
26-residue peptide is the upfield shifted meta (2,6) 
protons. The situation is less convincing for the 34-residue 


fragment. 
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The interaction of the flavin dye with the tyrosine 
ring suggests that tyrosine 109 is exposed in all the 
analogs, in agreement with the results obtained on shG Vet ha 
tropena nwG) (MeCubbi ne ana) Kay350 975°" Seamone eth a] .ne4d977) and 


CB9 (Birnbaum and Sykes, 1978). 


5. Kinetic and thermodynamic aspects 


"H NMR allows us to investigate some thermodynamic 
aspects of Ca’**-induced peptide folding. The lengthening of 
the N-terminal region of the calcium binding site can 
dramatically increase its Ca?*-binding ability (Kca from 
10* M>* to 10° M “"). Since the carbonyl group of tyrosine 
109 is thought to be involved in the chelation of calcium by 
analogy with MCBP (Kretsinger and Nockolds, 1973), it is of 
interest to discuss qualitatively the various exchange rates 
observed for the ring meta (2,6) protons in each of the 
synthetic fragments. In going from the 21-residue to the 
34-residue analog, the exchange rate appears to decrease so 
that the NMR spectra go from the fast-exchange limit to the 
Slow-exchange limit. For the 21-residue fragment (part of 
the population of which remains unfolded), only a lower 
limit for the off rate constant (much greater than 
100 sec-') can be obtained from the spectra using the shift 
of the calcium-sensitive meta (2,6) protons upon calcium 


addition. For the 26-residue peptide, we have determined by 
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a computer lineshape analysis of the broadening of the meta 
proton resonances as a function of added calcium that the 
On rave iconstant dikomt ifr 358 40s seerwe Whissrkoff value 
agrees well with the 230 - 350 sec”™' range obtained for the 
low-affinity sites of cardiac TnC (Johnson et a/]., 1978). 
For the 34-residue peptide only an upper limit on the off 
rate constant (much less than 100 sec”~') can be obtained, 
from the fact that no exchange contribution to the 
linebroadening is observed. The value also agrees well with 
that calculated from the previously measured binding 
constant (Kca of 3.8 x 10% M~') and the assumption that the 
Or irate: is) diffusion: cont roklteds (ive. ,; > elO®aMe'*S”~) (Hammes 


and Schimmel, 1970). 


The Ca*?*-off rate (koff) can be described in terms of 
compactness of the coordination sphere surrounding the 
metal. Compactness is dependent on both the type and the 
proper positioning of the ligands around the cation. The 
tertiary structure of a protein can affect the positioning 
of the ligands. For example, one can readily compare the 
calcium binding affinity of site III of rabbit skeletal 
troponin C either as an isolated EF hand site (CB9 fragment, 
SLO oMe) @OruaSeparteor Ine 47 102M:\":) { bantnenide-induced %H 
NMR shifts (Lee et a/]., 1979) have permitted the estimation 
of average distances of metal to the various ligand nuclei. 


Results suggested that such distances were larger in CB9 
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than in the intact Ca’?*-binding protein parvalbumin. The 
loss of molecular compactness was correlated to the fact 
that the binding constant for CB9 was three orders of 
magnitude lower than for MCBP (10° M-' vs. 10% M~'). We can 
consider that the extra residues of parvalbumin aided metal 
binding through at least partial prefolding of the sites. 
The positioning of the ligands is also apparently dependent 
on the amount of calcium-inducible a-helix present near the 
binding loop since the lengthening of the N-terminal region 
in the synthetic peptides raises the binding constant 
Significantly. Circular dichroism results showed a large 
increase in the a-helical content for the apopeptides in 50% 
TFE. In such a hydrophobic environment (50% TFE), all the 
fragments bound calcium with a similar binding constant of 
the order of 10° M~'. The constancy of the binding constant 
in this medium points out the need of the C-terminal helical 
region for Ca?*-binding since the 21-residue analogs only 
possess the C-terminal region in addition to the calcium 
loop. Calcium-sensitive environmental changes in the 
C-terminal region have been revealed from the 'H NMR spectra 
Of our fragments (Phe-119, Glu-113, -114 and: =117). The 
binding constant of a 12-residue analog of the binding loop 
(lacking both N- and C-terminal regions) (Reid et a/., 1980) 
remains low (10? M~') in 50% TFE and confirms our view that 


the C-terminal is probably essential to the affinity of the 
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Site for calcium. The importance of the type of ligands 
forming the binding loop remains to be tested by new synthe- 


tic analogs. 


These peptides are excellent models to study the 
thermodynamics of protein folding. Firstly, Ca’** is a benign 
perturbant as compared to strong denaturants like urea or 
heat. Secondly, the small size of these peptides will most 
likely provide a simple two-state model for protein folding 
(unfolded - folded) in comparison to the multi-site calcium 
Bitid wn proteins. For example, the present model for 
skeletal troponin C suggests that for the Ca’**-specific 
Sites (low-affinity sites), the binding constant, KCa, 
depends primarily on the enthalpy term, AH°, the entropy 


Soneriput ton, i S— , being rather small (Potter et 


reaction 
al., 1977; Moeschler et a/]., 1980). If we analyse the source 
of a large AH° term, the present hypothesis (Filimonov et 
al., 1978) suggests a change in heat capacity during 
unfolding or denaturation arising from the exposure.of 
apolar groups to water. This explanation does not apply in 
the case of our analogs since the exposure of such aromatic 
residues as Tyr-109 has been demonstrated in the presence 
and absence of the metal. Similarly, it is doubtful that the 
formation of helical segments helps to bury apolar groups in 


such small peptides. In fact, the use of hydrophobic 


conditions has partly proven that the side chains located in 
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the a-helical region are exposed (Reid et a/., 1981). 


Any significant Pere hurion to the heat of unfolding 
would come from the rupture of intramolecular hydrogen 
bonds. Interactions of water molecules with polar groups 
otherwise involved in the Ca?* chelation or in 
intramolecular H bonding would lead to a negative thermal 
effect (Privalov and Khechinashvili, 1974). This would 
Betecr explain the alteratron ‘or the AH® term by addition of 
a-helical segments on each side of the calcium loop. This 
Pnthelpy value for €a*“=baneimgqeto high- or low-affinity 
sites remains around -30 to -40 kJ per site (Moeschler et 


Alp 1 980:) 


Finally, in view of large calcium-induced confor- 
mational changes observed by CD and ‘'H NMR, we have to 
consider the possibility of the increasing binding constant 
value arising from a significant positive entropy of 


reaction, A S° following the relations 


reaction 
aR KhCa sa i= nS (1) 
reaction 
ce = A S° ; =a S.2 , (2) 
reaction . conformation : hydration 


We can probably predict that the entropy involved in peptide 


conformation, A S° , 18 comparable to the large 
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hydration entropy for calcium, AS° ; Hea; 
hydration 

nee. SHIKne molzi (habimonoveetcall:«1978) -eWe ibase iour 
prediction on the value of the binding constant for the 
ana bogs 1(10te4. 10° oM- thewhichecorresponds deosthe lbinding 
abmbity ofebow-affinityubinding sites—ofetTnGf (Potter -et calis,; 
1977; Moeschler et a]., 1980). The difference between both 
entropy terms of comparable magnitude would yield, following 
relation (2), a small AS° contribution. This would 

reaction 


agree with the expected entropy contribution for a 


low-affinity site in troponin C (Moeschler et a/]., 1980). 


D. SUMMARY 


Three synthetic analogs of site III of rabbit skeletal 
troponin C (21-, 26- and 34-residues in length) have been 
prepared by the solid-phase method. The CD Spectra of the 
21-residue fragment indicated very little secondary structu- 
re in aqueous media in the absence of calcium. Addition of 
Ca?* increased the secondary structure of the peptide but 
the KCa@ was very weak, 3.1 x 10? M~'. The same peptide in 
hydrophobic medium in the absence of calcium had 
considerable secondary structure and the Kca@ value increased 
considerably, 3.5 x 105 M"'. The 26-residue peptide, 
containing five more residues on the N-terminus of the 
21-residue peptide, showed slightly more secondary structure 


in aqueous medium in the absence of calcium. Addition of 
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Ca’?* to this peptide raised the amount of secondary struc- 
ture in the metal ion-peptide complex and resulted ina 
higher Kca value, 3.8 x 10‘ M~'. By assuming that the 
C-terminal region of the 26-residue peptide metal ion 
complex adopts a structure Similar to that of the 21-residue 
metal:peptide complex, one is able to assign the increase in 
Structure to the N-terminal side of the Ca?*-binding loop. 
Hydrophobic medium further increased the secondary structure 
of this peptide and also increased the Kca@ value to 4.5 x 
10° M~', a value similar to that obtained for the 21-residue 
peptide. The 34-residue peptide contained a further eight 
amino acid residues on the N-terminus of the 26-residue 
peptide. This peptide had considerable secondary structure 
in aqueous medium which increased in the presence of 
calcium. The peptide has a reasonable affinity for Ca?’* in 
aqueous medium, Kca@ = 2.6 x 10° M~'. Again, a hydrophobic 
medium increased both the amount of secondary structure and 
EhenGatéecaffinitylconstanty Keates 98 25a 802 MeeerAemodel of 
Ca?*-induced folding of the three peptides under different 
conditions is described and results obtained from this model 
are used to describe Ca’**-binding to the four calcium 


binding units in rabbit skeletal troponin C. 


The dimension of our analogs has enabled us to analyse 
by proton magnetic resonance, the effect of calcium on 


selected peptide side chains. The resonance patterns 
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observed for tyrosine 109, phenylalanine 119 and the acetyl 
group located on the N-terminal residue of each peptide are 
indicative of the unfolded nature of the fragments in the 
absence of calcium. Ca’**-induced changes in the environment 
of residues located in the Ca?*-binding loop (Asp-103, 
Tyr-109 and Glu-114) as well as in the N- and C-terminal 
regions of the helix-loop-helix calcium binding unit 
(Phe-99, Phe-102, Phe-119 and Ala-98) were followed by their 
characteristic proton resonances. Lactoperoxidase iodination 
and laser photo-CIDNP experiments demonstrated the exposure 
of Tyr-109 in the presence and absence of calcium in all the 
analogs and also aided in the assignment of the tyrosine 109 
ring protons. An upfield shifted resonance associated with 
Phe-99 and/or -102 ring protons was observed in the 
calcium-saturated spectra. The exchange rate for the meta 
proton resonances of tyrosine 109 indicates a transition to 
Slower rates as the N-terminal of the calcium site is 
elongated. This finding correlates with the observed 
increase in the calcium binding constant of the synthetic 
analogs occurring upon peptide elongation and confirms the 
importance of the N-terminal helical region in stabilizing 
the cation in the peptide binding loop. Finally, the 
observation of changes in phenylalanine 119 resonances 
located in the C-terminal of our smallest fragment coupled 


with the increased calcium binding constants observed for 
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the 21- and 26-residue peptides (Kca of 103 Vege he 510% 
trifluoroethanol in aqueous buffer (helix inducing 
conditions) is consistent with the involvement of the 


Ceterminal region in the Ca?* stabilization process. 
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CHAPTER. LV 
LANTHANIDE-INDUCED FOLDING OF A SYNTHETIC CALCIUM BINDING 


LOOP 


A. THE USE OF LANTHANIDES AS CALCIUM ANALOGS 


The physico-chemical properties of lanthanide (Ln) ions 
approximate in some cases, the ones observed for the calcium 
ion. For example, lanthanide ions form ionic rather than 
covalent bonds and in this respect they resemble the 
alkaline earth elements (Moeller et a/., 1965). These ara 
also prefer to form complexes involving oxygen ligands 
rather than nitrogen ones and this aspect of their chemistry 
1s analogous to calcium rather than magnesium (Nieboer, 
1975). In addition, a variety of trivalent lanthanides 
possess an ionic radius comparable to calcium. However, 
Shannon (1976) indicated that for any given cation, the 
observed radius depends significantly on the assigned 
coordination number. Table IV-1 illustrates this point for 
some key metal ions. This factor becomes relevant if one 
considers that the coordination numbers reported for Ln ions 
range in value from 6 to 10 and that the most common values 
observed are 8 and 9. In contrast, calcium prefer to form 
complexes having a coordination number of six, seven or 
eight (Nieboer, 1975; Einsphar and Bugg, 1977). 


Nevertheless, lanthanides possess spectroscopic properties 
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TABLE IV-1 


Ionic radius of several alkali, alkali earth and lanthanide cations 
as a function of coordination number 


Ionic Ionic 
Cation CN radius Cation CN radius 
(A) (A) 
1y,* 1V 0.99 7 aot VI 1.03 
V 1.00 VII 110 
VI 407 VIII brk6 
1242+ IV 0.57 A ae 1x le22 
V 0.66 Eu VI 0.95 
VI Oee2 VII bat 
VIII 0.89 Vi ah ay! 
19,+ IV 1.37 er ot ie Ted 
VI Ses: Gd VI 0.94 
VII 1.46 VII 1.00 
20.424 VI 1.00 VIII 1.05 
IX pad 
VII 1.06 65... 3+ 
Vi eh o2 Tb VI 0.92 
38, 2+ VI 1.18 VII 0.98 
VIII 108 
VII EZ) 
IX 20 
Vil *1826 70... 3+ 
lied Sd Yb VI 0.88 
56, 42+ VI 1.35 VII 0.93 
VIII 0.99 
VII 1.33 
IX 1.04 
Vilddte 1.942 71. 34 
IX 1.47 Lu VI 0.86 
VIII 0.98 
IX 1.03 


“Taken from Shannon, 1976. 
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not exhibited by calcium and have thus been employed as 
substitutes for calcium in order to probe various types of 
calcium binding environments. Reviews by Nieboer (1975), 
Reuben (1977), Martin and Richardson (1979) and dos Remedios 


(1981) summarize the biological applications of such metals. 


The lanthanides have been used as calcium analogs in 
structural studies of several EF hand containing proteins. 
The spectroscopic properties of Tb°* and Eu*®*, for instance, 
have been advantageously used to meaSure distances between 
the calcium binding sites of carp parvalbumin (Rhee ef al., 
1981) and of troponin C (Wang et a/., 1982a); or to 
Getermine the sequential order of metal binding to 
calmodulin (Kilhoffer et a]., 1980a,b; Wang et a/]., 1982b) 
and troponin C (Leavis et a/]., 1980). In the case of carp 
parvalbumin, the paramagnetic properties of the lanthanide 
Yb** induces considerable shifting and broadening of the 'H 
NMR resonances from protons in proximity to this metal. 
These ytterbium-induced spectral perturbations can then be 
analysed in terms of the structure of the metal binding site 


(Lee and Sykes, 1979, 1980a,b, 1981, 1982). 


We have been involved in the "molecular dissection" of 
a model EF hand domain using synthetic analogs of site III 
of rabbit skeletal troponin C (chapter III). It was 


previously shown that the removal of one or both helical 
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regions reduces the calcium binding constant of the 
resulting site to about 10?M~'. This was demonstrated by the 
poor calcium binding affinity exibited by a 12- anda | 
21-residue synthetic fragment of this site (AcSTnC(103-114), 
Kea ©) 2 Shel OP Meise AcSPnCiN03-123)_,+ Kea =1235 hx 
107M~')(chapter III). However, lanthanides are known to bind 
tighter to calcium binding proteins. In the case of rabbit 
skeletal troponin C (Wang et a/]., 1981), terbium(III) 
bumening) clon sitian tiswiofhwm. 2: xnelOP Mie ande!9. 7 xoclOeMids and 
europium(IiIl) binding constants of 4.7 x 10°M°" and 5.3 x 
10’M~' have been calculated for the calcium high (2 x 
Petia) and low (5 x Uf0 @Mo) aifinity sites; (Potter and 
Gergely, 1975). These facts have enabled us to reduce the 
Size of our synthetic EF site to only the metal binding 
region. We therefore synthesized a 13-residue fragment 
representing the calcium binding region of site III of 
rabbit skeletal troponin C (residues 103-115) and made use 
of high-field ‘'H NMR methods to analyse the binding events 


during a metal titration of this simpler system. 


The diamagnetic lanthanides La** (4f£°) and Lu®* (4f'*) 
were used in a first set of 'H NMR experiments. They were 
selected over other lanthanides because, as in the case of 
calcium, their observable effect on the 'H NMR spectrum of 
AcSTnC(103-115)amide is free of paramagnetically induced 


shifting and broadening of resonances. The spectrum 
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perturbations are solely the result of a restricted geometry 
adopted by the peptide upon metal binding. Another advantage 
in uSing these two lanthanides is their difference in ionic 
rectus (hu) 0586 Avila twos Ai Ca* 9 1e0@ &* Shannon, 
1976). The results obtained from these lanthanide titrations 
of the peptide should indicate the importance of both the 
metal charge and radius on the metal binding affinity of the 
Site and yield information concerning the conformation 


adopted by the synthetic peptide in their presence. 


B. VARIATIONS IN LANTHANI DE AFFINITY AND INDUCED PEPTIDE 


CONFORMATION 


1. Assignment of apoAcSTnC(103-115)amide resonances 


The peptide AcSTnC(103-115)amide sequence is presented in 
Fig. IV.1. One should note the presence of two alanines, 
three aspartic acids and two glutamic acids in the sequence 
as this factor will influence the complexity of the observed 


"H NMR Spectrum. 


The apopeptide spectrum is shown in Fig. IV.2. The 
initial assignment of resonances was aided by the published 
list of proton NMR resonance positions recorded for 
synthetic peptides containing each amino acid (Bundi and 
Wurthrich, -1979) and&by a speetral record of all the free 


amino acids at 270 MHz. The integration and decoupling of 
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all the spectral lines permitted the assignment of all 
Spectral regions. However, some regions of the proton 
spectrum remain complex because of the sequence composition. 
Table IV-2 lists all the assignments made. Note that each 
amino acid in the peptide sequence can be partly 
characterized by one or several resonances (Table IV-2). In 
the absence of metal, the peptide possesses little structure 
as the resonances of Tyr-109 (B-CH,, 3.0 ppm; ring [2,6], 
To ppine sring [3,5 lise6ec. PEM) gi N-acetyl -Asprsl039:(2.0 ppm) 
and Ala-106, -112 (B-CH, , 1.4 ppm) resemble, in terms of 
lines position and pattern, the resonances observed in model 
compounds. The absence of secondary structure is further 
exemplified by the overlapping methyl doublets (1.4 ppm) of 


alanine Loe and 112, 


An important assignment is that of the quartet pattern 
centered at 3.90 ppm to the Gly-108 a-carbon protons. In the 
spectrum of the free amino acid, the a-carbon protons of 
glycine are magnetically equivalent and yield a singlet. For 
the peptide however, these protons are not equivalent as 
indicated by the AB pattern in the spectrum. This is in 
agreement with the spectrum observed for the internal 
glycine of the synthetic tetrapeptide H-Gly-Gly-Tyr-Ala-OH 
(Bundi and Wurthrich, 1979). These a-protons also behaved as 
an AB spin system but were located around 4 ppm 


(| = | = 0.016 ppm). Bundi and Wurthrich commented that 
ae: 
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SPABLE 1V-2 


Assignment of proton magnetic resonances of 


Resonance 
position 


Apo-AcSTnC(103-115)amide 


Resonance pattern 


Proton assignment 


(ppm) observed 
0.76-0.87 uneven doublet 
0.88-0.94 doublet 
1.00-1.20 complex multiplet 
1.36-1.44 doublet 
PAS = 1265 broad asymmetric peak 
1.67-1.85 complex multiplet 
2.00 singlet 
1.95-2.20 broad peak 
Ce 30=2.45 asymmetric peak 
Z.50e2s 90 broad asymmetric 

multiplet 
2a95= 3.05 doublet 
3..10=3:.22 tripter 
3.80-4.00 quartet 
4.03-4.10 doublet 
4.15-4.38 broad multiplet 
6-82-6.85 doublet 
7.08-7.11 doublet 


e- and 6-CH,,Leu-115 
6-CH3,11e- 170 
Ile-110 
Ile-110 
B- CH,,Ala-106,-112 
Y- CHS ,Arg- 104 
B-CH,I1e-110 
B- CH, ,Leu- 115 
B-CH, ,Arg-104 
y-CH, Leu- USS 
N-terminal acetyl 
group,Asp-103 
68-CH,,Glu-113,-114 
y-CH,,Glu-113,-114 
B-CH,,Asp-103,-107 
Aine] oil 
B-CH,,Asn-105 
B- -CH> Tyr 109 
Arg-104 
a-CH5,Gly-108 
a-CH, his: 110 
Gatue Glue 14a) 4 
a-CH,Ala-106,-112 
a-CH,Arg-104 
ring,aromattre: 3,5 
Tyr-109 
ring,enomatic: 2,6 
Tyr-109 
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non-random spacial arrangements of the amino acid side 
chains arise from intramolecular short range interactions 
independent of the peptide length. In our peptide, the 


tes | value is much larger (0.109 ppm) and might be 


A °B 
attributed to a further selective orientation of these 
protons near the ring of tyrosine 109. In the metal-free 
form, this peptide sequence possesses little secondary 
structure as observed from C.D. analysis in the presence and 
absence of 8 M urea (Reid et a/]., 1981). A similar 


conclusion can be drawn from the appearance of a single 


resonance at 1.4 ppm for the two alanine methyl groups. 
Oe Lanthanide titrations 


ae Lanthanum and lutetium titrations 


The addition of lanthanum to the peptide solution 
resulted in a shifting of most of the peptide resonance 
lines (Fig. IV.3). The methyl group of N-acetyl-Asp-103 
(2.0 ppm) and some of the methyl groups of Ile-110 and 
Leu-115-(0.8 ppm region) appear the least affected by the 
presence of the metal. This is expected for free rotating 
methyl groups located along long aliphatic side chains or at 
the extremities of the peptide. However, large shifts are 
observed in the aspartic acid and asparagine B-CH, region 


(2.5-2.9 ppm), residues which are involved in the metal 
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ligation. Similar events occur in the B-CH, (2.0 ppm) and 
y-CH, (2.28 ppm) resonance regions of Glu-113 and Glu-114 
fae 


A remarkable shift of the a-protons resonances of 
Gly-108 (3.90 ppm) is observed . This result suggests that 
one of the protons is magnetically shielded upon peptide 
folding. The doublet centered at 3.82 ppm is shifted to 
3.50 ppm in the La**-Saturated spectrum. Another interesting 
metal-induced shift is that of the methyl resonances of 
Ala-106 and Ala-112 into different environments. The initial 
doublet at 1.39 ppm gives rise to two doublets centered at 


1.47 ppm and 1.33 ppm respectively. 


im. Fig, 2V.4, the lucerium trtrationsoL AcSTrG- 
(103-115)amide reveals less extensive shifting of 
resonances. For example, the Gly-108 a-carbon protons 


Quartet at 3.9 ppm only shifts apart by 0.146 ppm 


([ 8, 7 5p te = 0.109 ppm; [Sy ~ bp Jee nal 2010). 255 ppm) as 
: = eet = 0.109 : 

compared to 0.395 ppm (Ts, bp Pt ppm 

[ by 7 8p lean = 0,504 pom) efor the La®” “Gitractianes A 


Similar observation can be made for the alanine methyl 
protons (1.4 ppm) where both doublets remain poorly resolved 
in the presence of lutetium. The B-CH, envelope of Asp-103 
(+X), -107 (+2), -111 (=X) and Asn-105 (+Y) located in the 


2.5 to 2.8 ppm region remains sensitive to the addition of 
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tne metalgas does the ~-CH, (2.0 ppm) and y-CH, (2.28 ppm) 


reqions/O& glutamic vacid-113 and 114 (-2Z). 


The results from both lanthanide titrations indicate 
clearly that both metals do not fold the peptide into the 
same conformation. It should be noted at this point that 
ba @ienbe radius = 1-02 4) has a larger onic rad#us than 


i  (1OnnC radius m C286 Ay fOr calezum (ionie radius, 1.00 


A) e 
on Lanthanide binding constants 


As described in chapter II, the quantity Y was evaluated 
for several resonances during each addition of a metal 
solution . The Y values were determined from the spectral 
lines of N-acetyl-Asp-103, the methyl groups of Ala-106 and 
Ala-Ui2e gthe a-CH, protons of Gly=108, the B-CH. gmoup and 
aromatic @(2,6) ring protons of Tyr-109. Figure IV.5 shows 
plots obtained for a typical lanthanum (frame A) and 
lutetium (frame B) titration of the peptide as a function of 
metal to peptide ratio. In the case of both metals, the 
maximum shift observed for all resonances monitored appears 
to be reached near a metal to peptide ratio of one to one 
suggesting a 1:1 stoichiometry for the metal to peptide 
complex. The calculated La** binding constant was equal to 
1.1 x 10°5M-'’ (average of 3 titrations). The peptide showed a 
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Fig. 1V.o Lanthanide titration plots of AcSinC(103-115) amide, 
(A) lanthanum titration; (B) lutetium titration. The 
observed chemical-shift ratio (Y) was plotted as a 
function of metal added to the peptide solution. The 
quantity Y is described under experimental procedures. 
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average of 2 titrations). We rationalize a lowering of the 
metal binding constant on the fact that the peptide geometry 
around the metal is less compact. This can be visualized by 
the fact that in the case of lutetium, the peptide ligands 
interact with a metal which is 20% smaller than lanthanum. 
This situation will bring the 4 negatively charged side 
chains (Asp-103, -107, -111 and Glu-114) closer together and 
thus cause ligand repulsion. If the peptide was to assume 
the same conformation as in the presence of lanthanum, then 
the bonds between ligands and metal would be 0.17 & longer, 
a factor that could well reduce the stability of the 
metal:peptide complex. Furthermore, the qualitative behavior 
of the line widths of the AB pattern of the glycine 
a-protons centered at 3.90 ppm is an indication of the off 
rate (koff) for the bound metal ion. These resonances 
initially broaden and then sharpen during the lanthanum 
titration as compared to a simple shifting pattern observed 
in the case of lutetium addition (Figures IV.4 and IV.5). 
This suggests that the off rate for the bound La’** a lower 
than for Lu*®* which correlates with the larger binding 
constant. The binding order observed also agrees with the 
lanthanide affinities measured on native troponin C (Wang et 
aL up+i981 ewhere, Bull bhishrGiten ic cradius /990'.195.08 )h’binds 
tightemshan The] bist Gionn cypmad inis £0". 92M). eo ‘both the 


high- and low-affinity sites. 
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a4 Peptide folding pattern 


A look at isolated resonances of the peptide yields 
information about the actual folding of the peptide. 
Positron 6 ‘ot “thevcatc yum bandiig: loop kita FOIV.)leior 
example, is highly conserved throughout the sequence 
alignment of calcium binding proteins (Barker et a/]., 1978; 
Reid and Hodges, 1980). Glycine normally occupies this 
position. Notable exceptions are a serine substitution 
observed for the alkali light chain of rabbit skeletal 
muscle myosin , a known non calcium binding EF hand. Proline 
or lysine substitutions at this position in intestine 
calcium binding proteins (Hofmann et a/., 1979; Fullmer and 
Wasserman; 1981) and in brain §$-100 a,b (Isobe and Okuyama, 
1981) are followed by an inserted residue and lead to a 
distorted metal binding region (Szebenyi et a]., 1981) that 
retains its calcium binding ability . Our 'H NMR results 
suggest that Gly-108 adopts a rigid environment even in the 
apopeptide form. This conclusion was drawn from the 
observation that its e-carbon protons appear as an AB 
quartet centered at 3.90 ppm. The addition of either 
lanthanum or lutetium promotes the shielding of one of the 
a-carbon protons as observed from the upfield shift of two 
resonances (3.85 and 3.78 ppm) of the quartet (Figures IV.3 


and IV.4). The shielding effect is larger in the presence of 
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Da"; than in. the case of ibu** addition (upfiteld- shift: La**, 
ee op Ons bu vO; Oooppm). “This uplieldsshift ican be 
rationalized by looking at a stereoprojection of this 
Synthetic fragment presented in Fig. IV.6. This projection 
was constructed using the peptide backbone coordinates of 
carp parvalbumin (Kretsinger and Nockolds, 1973) to which 
Our peptide side chain sequence was substituted. It points 
out that the glycine a-carbon protons are in close proximity 
to the aromatic side chain of Tyr-109 and may be shielded 
through a ring current effect. Another possibility is the 
Proximity of onei of ithe protons to the carbonyi group of 
Tyr-109 involved in the coordination sphere. The carbonyl 
group generates a shielding cone perpendicular to its C-O 
double bond plane. The lack of evolutionary divergence at 
this position of the loop is probably linked to the presence 
of the a-carbon near various ligands involved in metal 
chelation. These ligands require some flexibility in order 
to properly fold around the metal. One can appreciate this 
fact, by considering a substitution to a bulkier side chain. 
The presence of such a side chain could well hinder the 
binding vot <Asp-103es6i1der chain or Tyrri€9 carbonyl) group to 
the metal (Fig. IV.6). Also, the protein backbone chain 
undergoes a large change in direction in this part cf the EF 


loop (Kretsinger, 1980). 
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Fig. IV.6 Stereoprojection of rabbit skeletal troponin C region 
103-115. This representation was constructed by using 
the crystal coordinates of carp parvalbumin for the 
metal binding loop of the CD hand (residues 51-63) 
[Kretsinger and Nockolds, 1973]. The original set of 
coordinates from the peptide backbone was retained, 
but the rabbit skeletal troponin C side chains of re- 
Sidues 103-115 were substituted for the parvalbumin 
Side chains. The orientation of the side chains along 
their respective Ca-CB bond was maintained. This dra- 
wing can more easily be viewed in stereo with a ste- 
reoscope from Hubbard Scientific Co., Northbrook, IL. 
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Another site of interest is the -Y position occupied by 
Tyr-109. This site represents the least conserved position 
of the calcium binding loop in terms of amino acid 
substitutions (chapter VI). However the carbonyl group at 
this position represents the -Y ligand and the side chain, 
because of its location in the loop, is thought to play a 
role in the metal dehydration process (Reid and Hodges, 
fOs0hke Iniviewaofsatsbhydrophobic side! chains: Tyr—109 
appears to be a residue of choice in helping to dehydrate 
the metal inner-sphere complex. The 'H NMR spectrum of the 
peptide aromatic region pointed out the upfield movement of 
the ring 2,6 protons resonances during addition of lantha- 
nides and in particular lanthanum. A crossover of the ring 
protons resonances had been observed in earlier studies on 
both synthetic (Gariépy et a/]., 1982; chapter III) and 
natural fragments of this site (Birnbaum and Sykes, 1978). 
In all cases, the 2,6 proton lines appear upfield shifted 
while the 3,5 proton resonances were not significantly 
altered by the presence of calcium. These observations have 
led to the idea that geometric constraints were placed on 
the ring, in the metal bound conformation. It was further 
thought that the shielding effect on the tyrosine 2,6 ring 
protons was a reflection of the change of environment of the 
Side chain. Our present lanthanide results point out that 


the metal bound environment of the tyrosine side chain 
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remains closely associated with the loop (upfield shift of 
the 2,6 ring proton resonances). Furthermore, the addition 
of the relaxation probe gadolinium, to the metal bound or 
metal free peptide produces a rapid broadening of the meta 
protons doublet as compared to the ortho protons doublet and 
does indicate that these protons are closer to the metal 
than the ortho protons (next section). One possible position 
for the ring can be obtained by a simple rotation of the 
Side chain along its Ca-CB bond toward the carbonyl group of 
Asp-107 or Gly-108. These latter groups will provide a 
shielding mechanism for the meta protons which remain closer 


to the metal than the ortho ones. 


The reason for wanting to investigate the tyrosine 
environment in our fragment comes from the observation that 
it 1S also exposed to the solvent in calcium-Saturated 
troponinv-€. For example, the tyrosine rings of troponin C 
have been labelled by lactoperoxidase iodination (Seamon et 
al., 1977) and by tetranitromethane (McCubbin and Kay, 1975) 
in the presence or absence of calcium. Similarly , ‘H NMR 
CIDNP experiments demonstrated clearly that although the 
exposure of the rings to the excited flavin dye is reduced 
in the presence of calcium, the effect is quite apparent 
(Hincke et al]., 1981b). If one considers the dimensions of 
the dye and its hydrophobic nature, one can conclude that 


the tyrosine ring remains exposed to the solvent, in the 
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metal-saturated protein. The troponin C model proposed by 
Kretsinger and Barry (1975) illustrates this point. The 
tyrosine ring exposure is thus similar to the one Bbeerved 
fom our peptade +] Looking, atf Rig.-1V. G,nronel realizes. that if 
the tyrosine side chain gets partly immobilized in between 
the peptide backbone of Gly-108 and Asp-107, it might well 
explain the shielded environment of one of the a-carbon 


mectons of Gly-108. 


C. DETERMINATION OF METAL-PROTON DISTANCES IN A 


GADOLINIUM: PEPTIDE COMPLEX 


ue Distance measurements 


The uncertainty Surrounding the actual geometry of the 
lanthanide:peptide complex has triggered a second set of '‘'H 
NMR experiments where the relaxation probe gadolinium was 
used to determine metal-proton distances involved in this 
complex. These studies were carried out with a view to 
reconstruct the conformation adopted by this synthetic 
fragment in the presence of gadolinium using the available 


set,.of distance restrictibons. 


al Gadolinium titration 


The gadolinium titration was performed on a 


lanthanum-saturated peptide solution (La** to peptide ratio 
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of 1.6 to 1) since in the presence of excess lanthanum, the 
peptide adopts a bound conformation where an improved 
resolution of key resonances is observed (i.e. B-CH; of 
alanane 106 andem@iilzep-cH, Of Glu Ichseandi- 114) 1(PagasIV.7). 
Other technical reasons for the use of the peptide in its 
lanthanide-saturated form were discussed earlier (chapter 


ib, gadelinn um titratnon). 


The experimental strategy used to obtain information 
concerning metal to proton distances was to replace the 
lanthanum ion by gadolinium with the peptide always in the 
metal bound geometry. Gadolinium possesses isotropic rela- 
xation enhancement properties due to its 4f’ electronic 
configuration. A gadolinium titration of the lanthanum bound 
peptide is presented in Fig. IV.8 and illustrates the 
broadening effect induced by gadolinium on the proton 


resonances of AcSTnC(103-115)amide. 


The changes in resonance line width due to the presence 
of this paramagnetic metal can be related to the | 
metal-proton distance involved following the Solomon-Bloem- 
bergen equations (appendix). Since the B-CH, protons of 
Rep- 103, -107 -andamiiiljmorteAsn-105 and of Gluaii4 (2,2) to 
2.9 ppm region) are parts of side chains involved in metal 
chelation (Fig. IV.7, sequence), these particular protons 


should lie closer to the metal than the methyl groups of 
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Ala-106 and -112 (doublets centered at 1.30 and 1.45 ppm), 
Oristhe acetyl groupvol Asp-103 (singlet at 2.00 ppm), or the 
tyrosine ring protons (doublets situated at 6.80 and 7.00 
ppm). This assumption is verified readily by the observation 
of the greater broadening of the resonances associated with 
the coordinating side chains as compared to other proton 


resonances seen in Fig. IV.8. 
by, Determination of relaxation times 


The spin-lattice relaxation times (7T,) associated with 
individual resonance patterns shown in Fig. IV.7 were 
determined at each addition of gadolinium to the NMR tube. 
The measured 1/7, values were then plotted as a function of 
the percent of the peptide bound to gadolinium, and a 7,m 
value at a 1 to 1 ratio of Gd** to peptide was extrapolated 
from a least squares fit of the data. Similarly, 1/7, values 
calculated from line width measurements for the well defined 
resonances were plotted as a function of the percent of 
peptide bound to Gd** and yielded a linear relation from 
whrehnva Value of Tom at a 1 to 1 ratio*ot gadolinium to 
peptide could be extrapolated. Table IV-3 lists relaxation 


times calculated for the resonances assigned in Fig. IV.7. 


Note that in the determination of 7,m values the 
spectral line broadening contribution of 1 Hz was 


substracted from all line width estimates, as described in 
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TABLE IV-3 


Relaxation times® and calculated proton-metal distances” 


-_ SSS 


Proton species T To i 


Asp-103 

Acety!-CH, 1.0 0.43 BN SVa B.2 + 0.4 
Ala-106,-112 

B-CH., 1.30 ppm OSSeeCO0 1.66 Sada 0.3 
B-CH., 1.45 ppm O5600, O44 L3G Cente Oue 
Tyr-109 

on OEY ing= protons 0.56? -t0ae 1.47 SAO lene On 
@,6 ring protons O23 16 Ue oD ec [RCC tou 
Gly-108 

a-CH, 3.5 ppm 0.0808 aie 15 Spree Geta 18.0 
a-CH, 4.0 ppm ¥.2 ---- ---- (9) 
Arg-104 

6-CHa 3.2 ppm 136 ---- ---- (9) 


“Determined by linear least squares fitting of 1/1, and 1/T. values 
as a function of % peptide bound to gadolinium. 

P Represent metal-proton distances calculated from the relaxation 
times observed. Values in parentheses are estimates based on ie 
values obtained. 
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chapter I1. However, this factor and any other contributions 
affecting the initial line width should not influence the 
extrapolated 7.m value since it is the slope Suepeeucr tGtne 
the linear relation between 1/7, observed and the % peptide 
bound to Gd** that dictates the final 7,m value calculated. 
Also, the increase in line width for a given resonance due 
to Gd** bound to the peptide will represent a direct 7T.m 
measurement only in the case where the peptide exchange rate 
between its metal free and bound state is fast on the NMR 
time scale (i.e. fast exchange). We have assumed a fast 
exchange process between the bound and free states of the 
peptide in light of the following facts: 

19) differential line broadening is observed for 
various resonances so that exchange cannot be in the slow 
exchange limit except for the closest nuclei. 

ini}) the 7,m/T,m ratio remains constant for a variety 
of resonances (Table IV-3), except for the Gly-108 a-CH, 
protons. However, if the value of the exchange lifetime were 
becoming significant for the closer Gly protons, the value 
of T,m/T,m should be reduced and not increased. The 
deviation in the! value J4,m/T.m for. Gly-108)e-CHy proton 
(3.5 ppm) reflects experimental errors associated with the 
T,m and 7T.m values. 

iii) the largest frequency shift observed during the 


peptide lanthanum titration was of 0.32 ppm (Gly-108 a-CH; 
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preceeding section). This implies that the lifetime of the 
metal bound state is small compare to the reciprocal maximum 


observed frequency difference (< 2 ms). 


The major source of uncertainty in the determination of 
T,m and T,m values is associated with the measurement of 
Slopes from 1/T versus %Gd** bound plots (appendix). For 
example, a slope calculated from a regression analysis of 3 
or 4 points as in the case for the 7, extrapolation is less 
reliable than from an analysis involving 8 to 10 data points 


as in the case of a 7, measurement. 


e%. Calculation of metal-proton distances 


An average 7,m/T.m value of 1.6 + 0.4 was determined 
from the summation of individual values listed in Table 
IVs ~ “The *va liie “Of 5 lss, obtarned stor the Gly—106°'3."5'*ppm 
resonance was dropped from the computation of this average 
T,m/T,2m term on the basis of its statistical significance 
(Dean and Dixon, 1951). A correlation time di value of 0.48 
+ 0.06 ns was then computed and is in good agreement with a 
Value ‘of :0.'6' ns’ ((DMW ae 0 J/2 4'"s ‘fora: MWY 500°" Cantor 
and Schimmel, 1980) predicted for our peptide. Note that the 
correlation time i is related to: ileal the lifetime of a 
nucleus in the bound State; T. , the electron spin relaxation 


time; and slew the rotational correlation time of the 
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Gd°**:peptide complex, by the equation 


beet ese | yma A 2 
re Th os 
Since Beret, iin Whe icasejjof, Gd*",,and- buy (Nieboer, 1975) 


and T {21s large in comparison to , (~104*-10* times), the 
correlation time value reflects the shortest term of the 


equation i.e. The 


Metal-proton distances were calculated using 7T.,m 
values. When such a value was not available, the distance 


was estimated using the corresponding 7,m value. The 


calculated distances are listed in Table IV-3. 


Be Key assumptions 


One key assumption in the use of lanthanides as calcium 
Substitutes is that their binding to these EF domains is 
analogous to calcium. This assumption may not be necessarily 
true since lanthanides prefer to form complexes having a 
coordination number of 8 or 9 rather than six, seven and 
eighnteas in the case: of cadcium (Nieboe@r, 91975; dos 
Remedios, 1981). Variations in the geometry adopted by our 
synthetic peptide were observed by 'H NMR in the case of 
lanthanum and lutetium additions. Also, Leavis et a]. (1980) 
pointed out that the intrinsic fluorescence of tyrosine 109 


in site III of rabbit skeletal troponin C 1s enhanced upon 
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calcium and magnesium binding but remains unaffected in the 
case of terbium, lanthanum, neodynium or holium binding. 
These results were rationalized in terms of subtle 
differences in the tertiary structure of TnC induced by 
these ions. However, the ability of calmodulin to bind to 
troponin I or calcineurin and to stimulate phosphodiesterase 
activity is retained when terbium is used as a calcium 
analog (Wallace et a]., 1982). A similar behavior of lantha- 
nides on the biological activity of rabbit skeletal troponin 
C remains a difficult question to answer in view of the 
multiprotein complex involved in the actin-activated ATPase 
assay (Oikawa et a/]., 1980). One can thus conclude that 
variations in the protein geometry near the metal binding 
Site do occur and are dependent on the properties of the 
cation present but the overall structure of the protein 


remains comparable to the calcium bound form. 


The gadolinium titration of B-CH, and y-CH, resonances 
of Glu-113 and -114 suggests on the basis of the large 
broadening of these resonances that these side chains are 
close to the metal and may well be both part of the 
coordination sphere. This would imply an additional oxygen 
ligand supplied by the peptide (Glu-113 side chain). This 
possibility is particularly appealing if one considers that 
this position in calcium binding proteins is often occupied 


by a negatively charged amino acid (Reid and Hodges, 1980; 
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chapter VI). 


Note that the association constant of Gd** to the 
peptide was assumed comparable to the one calculated for 
Meee Kiba?” i= iio M=")), Added prooftor this premise 
comes from fluorescence measurements on a 12-residue 
Synthetic fragment of site II of rabbit skeletal troponin C 
where the Tb** association constant was estimated to be 


maoex, 10°M™' (Kanellis ef a/., 1983). 


The assumption that the peptide adopts a similar 
conformation in the presence of Gd** and La** is not 
Critical in the meaSurement of proton-metal distances since 
these distances are determined in relation to the gadolinium 
ion only. However, one should appreciate the fact that the 
peptide folding pattern around other lanthanides might 


differ, as demonstrated earlier. 


Finally, one should discuss the sources and extent of 
non-specific binding since at the end of the gadolinium 
titration, the concentration of free lanthanum was about 
0.5 mM while the concentration of unbound gadolinium was 
less than 7 UM. Free carboxyl groups represent the major 
class of ligands that would bind La*®* or Gd** from this pool 
of unbound lanthanides. The presence of an amide group at 
the C-terminal of the peptide eliminates one source of 


carboxyl group. However, the side chain of Glu-113, is not a 
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represents a possible source 
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titration was 0.74 mM. Using 
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onethe- crystals structure of 
and Nockolds, 1973) and 

of free ligand. The 

at the end of the gadolinium 


the binding constants of La?®* 


BnauGd> “ato acetaterdon™ (K{La®® )\§Ye1205 & MOR MEM se K(Luee ), 


ICE XOA02M-“@ Kolatiand Powell ,°9962) )}o where the acetate 
ion represents a model ligand for the side chain of glutamic 
acid 113, one can calculate that less than 5% of the 
available carboxyl ligand would exist in a lanthanum bound 
State and less than 0.01% in a gadolinium bound state. These 
results consequently demonstrate that non-specific binding 
does not represent a significant factor in the gadolinium 
broadening experiments in terms of a contribution to the 7,m 


and 7T.m estimates. 


3% Distance restrictions 
In order to reconstruct the geometry of the peptide 
AcSTnC(103-115)amide in solution, one should establish all 
available distance restrictions imposed on the site. These 
restrictions fall into 3 categories: 

1) The set of distances calculated from the relaxation 
time measurements represents a first level of folding 


restrictions. 


2) The rapid broadening of the B-CH., resonances of 
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aspartic acids, asparagine, glutamic acids and tyrosine 
residues as well as the y-CH, resonances of glutamic acids 
Suggests that their distances to the metal are less than | 
7 A. This value represents an upper limit on these 
distances. We can also assume that none of these side chain 
BEeovons are within’2s5 A of the metal, since this value 
corresponds to a typical Gd**-O bondlength. 

3) The oxygen atoms coordinating the lanthanide Gd?* can 
Pevassumed towlie iat a distance of 2.5 + 0.3 A from ‘the 
metal as indicated from the crystal structure of a variety 
of lanthanide complexes (Alberston, 1968; Grenthe, 1969, 


Poe O72) 


These distance constraints can now be used as boundary 
conditions in a distance-geometry algorithm devised recently 
by Kuntz and his co-workers (Havel et a/]., 1979; Kuntz et 
al., 1979). A series of allowed configurations for the gado- 
linium:peptide complex is generated from this array of 
distance restrictions. Convergence of the generated ._ 
structures is expected to occur provided one has sufficient 
distance constraints. The analysis of a preliminary set of 
structures has indicated that this type of algorithm may 
prove sufficient to restrict the range of allowed 
conformations to a few highly homologous ones (Gariepy, 


Sykes, Hodges, and Kuntz; unpublished results). 
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D. SUMMARY 


In this chapter, we have demonstrated UhemuGrEyty oor the 
diamagnetic lanthanides lutetium and lanthanum as metal 
binding probes for a synthetic 13-residue fragment 
representing the cal¢ium binding site III of rabbit skeletal 
troponin C (residues 103 to 115). The peptide conformation 
induced by these metals was monitored by proton magnetic 
resonance at 270 MHz. The peptide affinity for these rare 
Ganths is 50 to 400 times higher than for calcium (K(Lu**), 
Pas X00 Me Ae | Ki Lae hea 1. dix EO SMe or Kk (Gaye), 13ere10eMs se) 
which is related to the change in cation charge from +2 to 
+3. The peptide conformation induced by the presence of La?* 
generates a different 'H NMR spectrum than the one observed 
for the lutetium-saturated peptide. Thus, it appears that 
these metals do not fold the peptide into exactly the same 
conformation. The resonance shifts observed during the Lu** 
titration are much smaller than in the case of La** 
addition. The fact that lutetium binds less tightly than 
lanthanum to the peptide may be linked directly or 
indirectly to the difference in ionic radius between these 
metals »Gbu° 7:0). S68 aaa wi 11. 03. <A). afhiee! may Gin Scurn 
indicate that the peptide primary sequence encodes for some 
aspects of metal ion specificity. The 'H NMR results also 
demonstrate that Gly-108 adopts a restricted geometry in the 


absence of metal such that its two a-carbon protons are in 
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different environments which are further affected by the 
addition of either metal. These observations support the 
concept that geometric constraints arising from the 
particular peptide folding pattern near this residue 
correlate with the highly conserved nature of this site of 
the EF hand. This position remains occupied by glycine in 
most EF hand domains with the exception of known distorted 
calcium binding sites present in intestine calcium binding 


proteins and S-100 (Szebenyi et a/., 1981). 


The binding of Gd** to this peptide was investigated by 
proton magnetic resonance. The relaxation enhancement 
property of this lanthanide was used as an analytical tool 
in order to determine a series of proton-metal distances for 
this Gd**:peptide complex. Measurements of relaxation times 
(T,, T.) were performed at various stages during the gadoli- 
nium titration of a lanthanum-saturated peptide solution. 
The relaxation times values derived for a 1:1 complex of 
Gd** to peptide, were used to estimate the proton-gadolinium 
distances involved. These distance measurements were then 
treated as boundary conditions in a distance-géometry 
algorithm. This approach wili yield a series of possible 
conformations adopted by the gadolinium:peptide complex in 


solution. 
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CHAPTER V 


PHENOTHIAZINE BINDING SITE IN THE N-TERMINAL REGION OF SITE 


Tid. OF RABBIT. SKELETAL’ TROPONIN. C 


A. CALCIUM-INDUCED EXPOSURE OF HYDROPHOBIC REGIONS ON 


TROPONIN C AND CALMODULIN 


In chapter III, we have demonstrated the importance of 
the C- and N-terminal helical domains on the ability of site 
jit Of ‘rabbit skeletal troponin. © to bind calcium tightly. 
These results have also indicated that the reciprocal action 
of calcium binding to the loop region is to induce the 
formation of a-helical regions. A closer investigation of 
the residues involved in these helical regions provides some 
insight toward the mechanism of action of CaM and TnC. As 
Stated in chapter VI, the sequence alignment of EF domains 
from various types of calcium binding proteins reveals that 
the C- and N-terminal regions are related by a partial 
sequence homology indicating that EF domains possess some 
elements of internal symmetry. Kretsinger (1977, 1980) 
indicated the presence of regularly placed hydrophobic 
residues on both sides of the calcium binding loop. Each 
terminal region possesses two pairs of hydrophobes located 4 
residues apart. If these regions adopt an a-helical 


arrangement then the spacial orientation of these side 
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chains will generate a hydrophobic plane on each side of the 
calcium binding loop (assuming that 1 turn of a-helix 
requires 3.6 amino acids). Since the N-terminal region of 
Site III of rabbit skeletal troponin C is known to undergo a 
ecrbeto helix *transitrontuponhCa2* radditionn(Nagyiet al., 
1978; Nagy and Gergely, 1979; Reid et a]., 1981) one can 
conclude that the creation of a hydrophobic surface in the 
N-terminal region is a calcium-dependent event. The use of 
hydrophobic compounds such as fluorescent probes (Johnson et 
al., 1978; LaPorte et a/]., 1980; Malencik and Anderson, 
1982), antipsychotic drugs (Levin and Weiss, 1977, 1978, 
1979, 1980; Prozialeck and Weiss, 1982; Johnson, 1983) and 
certain muscle relaxing agents and anesthetics (Hidaka et 

al .;/)1978seKobayashi eCbbasyeting79*! Hidakaiet ai.7< 1979s 
Nishikawa et a/]., 1980; Tanaka et a/]., 1980, 1981a,b) have 
provided ample evidence that such hydrophobic domains become 
exposed on TnC and CaM in the presence of calcium. 
Furthermore, the activity of various enzymes modulated by 
calmodulin is depressed by the presence of antipsychotic 
drugs {Levin and Weiss, 3977, 1980: Kuzhicki ef a/., 1981), 
W-7) derivatives. (Hidakaret.al.., 1977, 1978a, be, 1979: 
Kobayashi et a/]., 1979; Nishikawa et a/]., 1980) and 
neuropeptides (Sellinger-Barnette and Weiss, 1982). Although 
the interaction of CaM with these hydrophobic compounds 


appears to be a non-stereospecific one (Norman et a]., 1979; 
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LaPorte et a]., 1980; Landry et a/J., 1981; Roufogalis, 
1981), the selectivity demonstrated by these molecules in 
blocking calmodulin regulated events has popularized their 
use and has led Prozialeck and Weiss (1982) and our group to 
propose a working model for the structure and action of 
phenothiazines on calmodulin and troponin C. The structure 
and pKa values of four representative phenothiazines are 
presented in Fig. V.1. The following key points can be 
stated in relation to their antagonistic action: 

1) The inhibitory action of these agents on the CaM 
Stimulated phosphodiesterase activity is related to the 
presence of hydrophobic and positively charged domains on 
all these compounds and 

2) The distance separating both domains correlates with 


the extent of the observed inhibitory effect. 


Benjamin Weiss group studied the mechanism of action of 
antipsychotic drugs on calmodulin using analogs of these 
drugs and comparing their inhibitory strength toward a CaM 
Stimulated phosphodiesterase assay. Our approach was to 
localize a phenothiazine binding site on troponin C and to 
analyse some of the structural features relevant to the 


Grug:peptide complex. 
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Fig. V.1 Structure and nitrogen pK, 's of some representative phe- 
nothiazines [Adapted from Chatten and Harris, 1962]. 
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By LOCALIZATION OF A PHENOTHIAZINE BINDING SITE ON 


TROPONIN C 


It was shown by Levin and Weiss (1977) that the 
activation of bovine brain phosphodiesterase by calmodulin 
could be selectively inhibited by phenothiazine anti- 
psychotics. The specificity of these drugs for calmodulin 
was partly demonstrated by the failure of other calcium 
binding proteins to bind trifluoperazine. Besides 
Calmodulin, only troponin C displayed a significant 
calcium-dependent binding of trifluoperazine (Levin and 
Weiss, 1978). Recently however, the brain-specific calcium 
binding protein S-100 has been shown to interact ina 
calcium-dependent manner with either a W-7-coupled or a 
phenothiazine-linked Sepharose matrix (Endo et a/., 1981; 
Marskak et a/]., 1981). Two high-affinity calcium-dependent 
trifluoperazine binding sites (Kd =1 UM) exist on 
calmodulin. At concentrations of TFP above 10 UM, troponin C 
binding of this drug was comparable to calmodulin (Kd =5 uM) 
(Levin and Weiss, 1978). The number of calcium-dependent TFP 


binding sites on troponin C has not been established. 


We suspected that one of the phenothiazine binding site 
on calmodulin was near its third calcium binding site since 
the use of tryptic fragments of calmodulin had revealed that 


this site was essential for the interaction of CaM with 


MS t » i bn Gu 
, 5 ¢ se 
ce ui 
: 
So 


7 aye CuI sonar & per sev ti 
/ | ieee <indkeiinel i | 


ay fe E : ie 


rigs v panel | i in nk 


rate (TFSh) aataia bas nivel td. awotla Ban 
cer, sora? sonic akg anived’ io Hibk se 
secsfigs on Pence et seed a pontdtdnd gfaetios 
Eishe wid £0) oad? a qa ichbhbonge edt van. 
Miistso radde te AER ae ee bevarsencush ¥ 
2obiege. woh ssepaausnee ented ot aniston | 
Hreot? tents 5 neal + manager eine! ‘a 
ink caved) wei soa Gbed +e polenta seers 
my ~£LoSeae aa! at stored xisneoon | ase 
tis ott mai Ane 7 get +2- a niasehe @ 


sar cole de: OS 9am: pores | teat -eoise ae 
conmbre she aia fn Creer ity 19 ta 
ho, pane 2 (iN. I he ware prtbats, ces 
AiLAbgor3 ths bi avd. en ae enol tevtngomis 9h, btu 
ay a= a) Pla Uni e oy) Abe nvergmers: 268 pub: aide 20 edt f 
THT SasSasqah awe tas, 1 ogeass aft  (atet abioWt bi al 


oh ono 
‘a 
oT { 


shade fda2z9 aad! 39n bat 9 <ideqous to nate potter \ 


tiz boron te Sp Ses cesses att te gto sans ‘baroeqaur oe i 
annke atta palbatd, nice a ‘Betas avi vest aoe i dubomt a m0 
. y, 


ready Gelsaver Gad ci : Lubomas) do arenas) ‘al ‘ga te eau ote i 
d4iin, Mas Fo vot a agai int no tatiagans 


wie 1 A Rs 
2 a) ad 


25 


several target proteins (Kuznicki et a]., 1981; Drabikowski 
Steaic, 1902 )) (Feg.e ween similarly. ¢ tratluoperazine (TEP) 
has been shown to Sera with the TR2C fragment of CaM 
(residues 78-148, sites III and IV) as demonstrated by its 
inhibition of the TR2C-stimulated phosphorylase kinase 
activity (Kuznicki efi a/.; 1981). It was discovered that a 
cyanogen bromide fragment (residues 77-124, site III) 
resulting from the incomplete digestion of bovine brain CaM 
remains bound to a fluphenazine affinity column in the 
presence of calcium (Head et a/., 1982) (Fig. V.3). 
Fragments containing regions of bovine brain CaM (78-148 & 
1-106) as well as the cyanogen bromide fragment CB9 of 
rabbit skeletal troponin C (residue 84 to 135) were shown to 
interact with rabbit skeletal TnI and release the inhibition 
of actomyosin ATPase by troponin I (Weeks and Perry, 1978; 
Grabarek ef 2/..,. 198i; Kuznicki_ eta) 4,984) inelt+-was 
further proven that a homologous 11- to l2-residue long 
region of troponin .C.(89—100)mendao hy CaMnC(L8-[Omis an 
important region in the binding of TnI to these calcium 
binding proteins (Grabarek et a/., 1981; Kuznicki et al., 


198.1)% 


Thus the peptide region of troponin C comprising the 
sequence 90-100 appeared to be a trifluoperazine binding 
region. Our first step was to make use of a cyanogen bromide 


fragment of troponin C containing both the proposed region 
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t 
1 ane -E ames tt ee 
(1-106) ‘ (107-148) | 
‘ 
ae 7 ks Ee 
6 
(1-90) 
Target protein Tryptic fragment Relative effectiveness 
of modulation 
Myosin light 1-106 0.005 
chain kinase 
Phosphorylase 78-148 0.01 
kinase 1-106 0.0005 
Cyclic nucleotide 78-148 0.0012 
phosphodiesterase 1-106 0.005 
Binding 
Troponin I 78-148 Strong 
1-90 Weak 
1-106 Weak 
Myelin basic 78-148 Strong 
protein 1-90 Weak 
1-106 Weak 
Histone H2B All fragments Strong 


studied 


(A) Tryptic fragments of bovine brain calmodulin. 
TR-C fragments are obtained by limited tryptic 
digestion in the presence of calcium while TR-E 
fragments in the presence of EDTA. The 4 calcium 
binding domains are represented by the hatched 
areas [Adapted from Kuznicki et al., 1981]. 

(B) Interaction of tryptic fragments with target 
proteins. The relative effectiveness of modula- 
tion of these fragments is in relation to calmo- 
dulin. The effective ness of modulation is measu- 
red by the amount of calmodulin or its fragments 
needed for half maximal activation of an enzyme 
[Adapted from Drabikowski et al., 1982]. 
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O©* TFP*binding™*and’ alsovathigh=-affinity cadcaume binding 
site. This peptide abbreviated CB9 contains residues 84 to 
135 (Fig. V.3). Our experimental strategy was to monitor 
perturbations in the peptide secondary structure using 
Circular dichroism while proton magnetic resonance could be 
used to investigate which amino acid side chains were 


involved in the drug:peptide complex. 


i Trifluoperazine behavior in solution 


The two nitrogen atoms of the piperazine moiety of 
trifluoperazine have respective pKa's of 3.9 and 8.4 
(Chatten and Harris, 1962; Fig. V.1). This implies that at 
the experimental and physiological pH range used (6.0-7.4), 
the molecule possesses a positive charge on one of the 
piperazine nitrogens. Going to low pH's will protonate both 
nitrogens and will affect some of the aliphatic 'H NMR 
resonances (results not shown). Going to high pH's (higher 
than 7.5) will promote TFP precipitation due to the hydro- 
phobic nature of trifluoperazine in its unprotonated form. 
This fact can be correlated with the observed sharp decrease 
in drug binding to CaM at pH's above 7.5 (Levin and Weiss, 


1977). 


Increasing the drug concentration at constant pH, 


produces large shifts in the 'H NMR spectrum of 
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trifluoperazine (Fig. V.4). Changes in the observed chemical 
Shifts of the drug resonances probably arise from the aggre- 
gation or stacking of the phenothiazine aromatic rings. Most 
of the protons of the drug appear shielded from or by the 
aromatic network in this "aggregated" geometry. One should 
note that recent ‘H NMR and ''?Cd NMR investigations dealing 
with the influence of trifluoperazine on the overall 
Structure of calmodulan and the location of drug binding 
regions (Forsén et a]., 1980; Klevit et a/., 1981; Krebs and 
Carafoli, 1982) have all been performed at a drug 
concentration range in which the drug itself undergoes 
aggregation (greater than 1 mM TFP). One should thus be 
Cautious in assessing the drug behavior above the 1 mM range 
and in interpreting the resulting spectra in terms of inter- 


actions between trifluoperazine and protein. 


Increasing the concentration of anionic buffers like 
phosphate (Fig. V.4b) may promote the drug interaction with 
itself by bridging together the positive charges of two 
piperazine groups for example. This may explain the readily 
observed resonance of the piperazine ring methyl protons 
( 2.7 ppm), which appears in a fast-exchange mode (sharp 
peak) in the presence of phosphate at a relatively low TFP 
concentration (0.25 mM). In contrast, we observe only a 
brosca speak. at: 2) /eppm,) wnathe wabsencesof phosphate fora 


0.5 mM TFP solution. A related behavior of the drug in PIPES 
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Fig. V.4 Effect of TFP and divalent anion concentration on the 
proton NMR spectrum of TFP. 
(A) No divalent anion present but increasing TFP con- 
centration. The spectra were recorded in 50 mM KCl, 
DH 260. 
(B) Phosphate present and increasing TFP concentration. 
The spectra were recorded in 300 mM KH5P0, > 50 mM KCl, 
pH 6.0. 
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wae MOteEC.4We sSuSpecty that other sulphonic) acid type buffers 
like MES and MOPS may also produce such artifacts. We have 
thus performed all our experiments at TFP concentrations not 
exceeding 1 mM. A control spectrum of the drug alone was 
recorded {Or each addition of the drug during TFP titrations 
of the peptides in buffers such that the 'H NMR spectra 
remain unaffected by the changing concentration of trifluo- 


perazine. 


2% Eitect jof Catjrand TPR on the secondary Structure of 


CB9 and troponin C 


The effects of trifluoperazine on the secondary 
Stnuctunme, of CBS canyvbewmonitored byvcircular dichroism. In 
the absence of calcium, CB9 already possesses some secondary 
structure (-5,700 degrees of ellipticity at 222 nm; Fig. 
V.5, spectrum A). This was in accordance with the value of 
-5,730 observed by Nagy et a/]., (1978). Figure V.5 indicates 
that the addition of drug to a TFP/peptide ratio of 1.6/1, 
induces a further increase in helical content (spectrum B). 
We did not go beyond a phenothiazine concentration of 1 mM 
because of a significant noise factor introduced in the CD 
spectrum by TFP. In the presence of calcium, the maximum 
ellipticity content of CB9 is induced so that addition of 


TFP yielded no observable effect on the CD spectrum 


(spectrum C). 
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Fig. V.5 Effect of calcium and TFP on *the circular dichroism 
spectrum of CB9. Spectrum A, CB9 spectrum in the ab- 
sence of calcium and TFP. Spectrum B, CB9 spectrum 
in the absence of calcium but presence of TFP, TFP/CB9 
ratio of 1.6. Spectrum C, CB9 spectrum in the presence 
of excess calcium with or without TFP. TFP/Calcium/CB9 


ratios of 1.6/8/1 and 0/8/1. 
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Calcium titration in the presence or absence of 
trifluoperazine yielded identical calcium binding constants 
of 1.3 x 10° M ~', in agreement with Kc@ values of 
2.6 x*TO="M “2borva Synthetre-34srésidue *fragment “ofthis 
PEgion MC(REid "et a] SP 198) Vand *S x o10® "M-* U£or vanWearlier 


Study of CB9 (Nagy et a/]., 1978). 


Determination of the drug binding constant in the 
absence of calcium was possible with CB9 from the ellipti- 
city change observed at 222 nm. The binding constant 
calculated was equal com. 2ax 10 2 M>" “(Kd = "6UM) whichis 
comparable to the observed dissociation constant of 5 UM 
obtained from equilibrium dialysis experiments on 
calcium-saturated rabbit skeletal troponin C (Levin and 
Weiss, 1978). Thus it appears that the flexibility of this 
fragment allows for the induced folding of the site by TFP 
and unlike the native protein, does not necessitate the 
binding of calcium to inducesthe proper TPP binding site 


geometry. 


The trifluoperazine titration of rabbit skeletal 
troponin C was monitored by circular dichroism. The results 
showed no increase in ellipticity at 222 nm upon TFP 


addition in the presence or absence of calcium. 


BS Investigation of peptide side chains involved in the 
TFP:peptide complex using proton magnetic resonance 
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a. Addition of calcium to CB9 in the presence and 


absence of trifluoperazine 


In the absence of TFP and calcium, the CB9 ‘H NMR 
Spectrum obtained corresponds to apo-CB9 (Birnbaum and 
Sykes, 1978) and closely resembles the spectrum of synthetic 
fragments of this site (Gariepy et a]., 1982; Fig. V.6a). As 
calcium was added, most of the spectral features expected 
were observed including the shift of Tyr-109 ring protons 
resonances to 6.64 and 6.51 ppm and the appearance of 
upfield shifted resonances in the 0.2 to 0.8 ppm region. 
Shifts in this region are thought to arise from methyl 
groups of leucine or isoleucine side chains placed in 
proximity to aromatic side chains (Birnbaum and Sykes, 1978; 
Gariépy et a/]., 1982). Also the methyl group of one or more 
of the 6 alanines present in CB9, are affected by the 
presence of calcium as the resonance envelope situated 


around 1.4 ppm is altered considerably. 


In the presénce of TER (Fig. V.6b), the®additiongot 
calcium generates the same Ca**-induced resonances observed 
in the absence of drug (the Tyr-109 resonances at 6.64 and 
6.51 ppm (Fig. V.6a) as well as the alanine methyl 
resonances at 1.4 ppm). In general, the presence of the drug 
does not appear to alter the binding of calcium to the 


coordinating region of CB9 and is thus evidence that the 
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drug binding site is probably not located in the calcium 
coordinating region. This 1S in agreement with the circular 
dichroism results where equivalent binding constants of 

13 x 10° M'* were calevlated from the ellipticity imeasure- 
ments at 222 nm in the presence or absence of trifluo- 


perazine. 


iow Addition of trifluoperazine to CB9 in the presence 


and absence of calcium 


Figure V.7a illustrates the effect of TFP on CB9. In 
the absence of calcium, the addition of TFP affects both the 
phenylalanines and the drug aromatic region (7.0 to 7.4 ppm 
region), when compared to the initial spectrum of CB9 (no 
drug) and the TFP control spectrum. A large broadened 
multiplet appears at 6.9 ppm. Similarly, the 
leucine/isoleucine methyl region centered at 0.9 ppm and the 
alanine methyl region at around 1.4 ppm are significantly 


influenced by the presence of this phenothiazine. 


Trifluoperazine titration of this cyanogen bromide 
fragment in the presence of calcium is shown in Fig. V.7b. 
Some features arising from the presence of calcium are 
retained (Tyr-109 ring protons resonances for example), 
while changes occur in the phenylalanine envelope (around 


7.25 ppm) with new aromatic resonances appearing as a 
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Fig. V.7 TFP titration of CB9 in the presence and absence of cal- 
cium. 
(A) TFP titration of CB9 in the absence of calcium. 
[CB9] = 0.27 mM. 
(B) TFP titration of CB9 in the presence of calcium 
(2.6 mM). [CB9] = 0.33 mM. 
Control spectra of the drug were identical to the ones 
Shown in Fig. V.8. At the concentrations of TFP used, no 
shifting of resonances in the control spectra was obser- 
ved. Symbols highlight changes in the proton NMR spectrum. 
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broadened multiplet centered at 6.9 ppm. Changes are also 
observed vin ithe taliphavieupf ieldashifited Tresonances “(0/2 to 
0.8 ppm) and the methyl region of leucine and isoleucine 
(0.9 ppm area). These resonances are not observed in the 
drug control spectrum. Thus it appears that a region of CB9 
involving phenylalanines, alanines and leucines and/or 
isoleucines side chains is in spacial proximity to the drug. 
The fact that calcium was not a necessary requirement for 
drug binding was confirmed by circular dichroism results 
which showed an increase in ellipticity at 222 nm upon 
aggition of TFP to apo-CB9 (Fig. V,.5). The calculated drug 
binding constant was 1.2 x 105 M~' in the absence of 
calcium. Since upon calcium addition, no more ellipticity at 
222 nm could be induced, it was impossible to determine by 
this approach, the phenothiazine binding constant to CB9 in 
the presence of calcium. Levin and Weiss (1978) estimated 
the dissociation constant of the drug to troponin C to be 

5 uM in the presence of calcium which closely corresponds to 
the CB9 dissociation constant in the absence of calcium 


(1/Kd = 8 UM) determined in this study. 


Though the binding of phenothiazines to Beth CaM and 
TnC has been shown to be Ca?*-dependent (Levin and Weiss, 
1978);,, the finding that TERebi nds ito Ccapo-€B9 Ts’ not 
surprising. There is no evidence that these drugs do not 


bind to isolated single Ca’?*-binding sites represented by 
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Cpertrestdues 864 tol 1@Soof"TnC)* and’ by*the®tegione 77° tom 24 
of calmodulin, in the absence of calcium. This binding of 
theedrugs.to: CBIrdA tne absence of calcium can be explained 
by the fact that the N-terminal region of CB9 is probably 
flexible and exposed in the fragment and readily induced to 
the correct conformation by the drug . Our CD and 'H NMR 


results support this conclusion. 


Cr, Interaction of trifluoperazine with a synthetic 


analog of site III of rabbit skeletal troponin C 


It appears that the side chains of phenylalanines and 
methyl groups of leucine and/or meote ene are in spacial 
proximity to the drug. We strongly suspected that the region 
90 to 104 was the site of trifluoperazine binding. This 
fragment was synthesized and used to test this hypothesis. 
We did not expect a strong TFP binding to the peptide since 
the fragment lacks the actual calcium binding site and 
appears to possess little secondary structure as monitored 
by circular dichroism. Drug addition did not yield any 
significant CD change probably due to a weaker TFP binding 
constant to such a fragment. Some CD constraints also made 
this approach inadequate to study the TFP/peptide inter- 
action. For example, the upper limit of 1 mM TFP and the 
necessity to have a high concentration of a small peptide to 


observe a few residues of helix being formed, does not 
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permit us to go far enough in the titration. However the 
proton NMR results pointed out again large shifts in the 
phenylalanine resonances around 7.5 ppm and the aliphatic 
alanine (1.4 ppm), leucine and isoleucine methyl resonances 
(1.0 ppm region) were affected by the presence of the pheno- 
thiazine (Fig. V.8a). These altered resonances correspond to 
those observed in CB9 and suggest that the amino acid 
Sequence 95 to 1028 of CBS Anteracts with) TFP. Nagy ef a/., 
(1978) commented that the N-terminal helical region of CB9 
containing residues 94 to 103, is induced by Ca’** and 
Stabilized by hydrophobic patches formed by residues 95, 98, 
99, 101 and 102. This statement was recently confirmed by 
our work on synthetic peptides of that site (Reid et al., 


1981+ Gariépy et al., 1982). 


oe Proposed model of a phenothiazine binding site on 


rabbit skeletal troponin C 


In view of the present results, we suggest that the 
drug acts as a steric blocker of a hydrophobic interphase, 
invproximetytO,, Or pertyc: the. Dindinggs!ce: ro Dnospho; 
diesterase in CaM°and to*®Tn!I “in both Tn@ and “CaM. This 
hydrophobic site is probably a small helical region 
involving a stretch of 7 or 8 amino acids rich in aliphatic 
and aromatic side chains resembling the sequence 95 to 102 


of rabbit skeletal troponin C. A key feature of this segment 
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Fig. V.8 TFP titration of the synthetic fragment AcA??stnc 
(90-104) amide. [peptide] = 1.0 mM. 
(A) Proton NMR spectrum of the fragment at various 
additions of the drug. 
(B) Control spectrum of TFP at additions of drug 
corresponding to the TFP/peptide titration. 
Symbols highlight changes in the proton NMR spectrum. 
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is the presence of two phenylalanine rings separated by one 
Curn*otehelix}. whichtonrients’ bothzaromatic sidé® chainston 


the same side of the helix. 


Another interesting feature that may favor the binding 
of trifluoperazine is the presence of a positive charge at 
physiological pH on the piperazine part of the molecule 
(2g. V.1). BVvidencestrome circular dichrovsmeresults on a 
Synthetic peptide representing the region 90 to 123 of 
rabbit skeletal troponin C has indicated a correlation 
between the distance separating the aromatic and positively 
charged domains of phenothiazines and their ability to 
increase the a-helical content of this analog upon drug 
binding. Promethazine and chlorpromazine for example, 
possess short positively charged aliphatic chains and only 
weakly induce the formation of a-helix while trifluoperazine 
and fluphenazine have both a long piperazine moiety and 
yield a large increase in ellipticity at 222 nm upon binding 
to the peptide (chapter V, section C). Also, the addition of 
TFP to CB9 in the presence or absence of calcium promotes 
the broadening of the B-CH, and y-CH, resonances of glutamic 
aciG Side chains (2.4%and62e3appm regions#iFiguresoV.7atand 
V.7b), a result that suggests a reduction in mobility of 
some of these side chains of CB9. In the case of trifluo- 
perazine , the positive charge of the drug is situated 6 to 


10 & away from its aromatic region depending on which of the 
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piperazine nitrogens is carrying the positive charge. The 
presence of this flexible "piperazine arm" of TFP may thus 
be crucial in the blocking of negatively charged side chains 
Ofstroponin C andvcalmoadulin thought to be involved in’ an 
interaction with Thd (Grabarek et a] A,4.1981) (residues: such 
SenGlu-92, —93,5s9eeanorao/ i. tt may well’exphain the 
differential ability of trifluoperazine to inactivate the 
CaM-regulated phosphodiesterase activity over the less 


potent phenothiazine chlorpromazine (Levin and Weiss, 1979). 


A stereoprojection of the proposed TFP bineene Site is 
presented in Fig. V.9. This projection was constructed using 
the peptide backbone coordinates of carp parvalbumin segment 
38 to 52 (Kretsinger and Nockolds, 1973). The representation 
points out the proximity of the two phenylalanine rings. 
Rotation along the phenylalanines Ca-Cf bond can bring the 
aromatic side chains even closer. These rings may thus lie 
along the same plane and permit the stacking of the TFP 
rings or, the drug aromatic system may intercalate between 
the phenylalanine side chains. As for the piperazine 
positive charge, it remains close to most of the glutamic 
acid side chains if one considers the flexibility of both 


the negatively charged side chains and the "piperazine arm". 


The interaction of trifluoperazine and other pheno- 


thiazines with calmodulin and TnC can be correlated with the 
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Fig. V.9 Stereoprojection of rabbit skeletal troponin C, region 
90-104. This representation was. constructed using the 
crystal coordinates of carp parvalbumin for the N-ter- 
minal region of the CD hand (residues 38 to 52) [Kret- 
Singer and Nockolds, 1973]. The original set of coordi- 
nates for the peptide backbone was retained but the 
rabbit skeletal troponin C side chains of residues 90 
to 104 were substituted to the parvalbumin ones. The 
orientation of the side chains along their respective 
Ca-C8 bond was maintained. This drawing can more. easi- 
ly be viewed in stereo with a stereoscope obtained 
from Hubbard *Scientirie Co, Northbrook wack. 
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fact that these drugs offer structural features present in 
peptides and proteins shown to interact with CaM and TnC. 
The primary segue acemelcanent of several opioid peptides 
and of CaM-binding proteins, has indicated the presence of 
8-residue long sequences containing both a hydrophobic and a 
positively charged domain (Malencik and Anderson, 1982; 


Sellinger-Barnette and Weiss, 1982). 


e. Possible location of other TFP binding sites on 


troponin C and calmodulin 


Levin and Weiss (1977) mentioned the fact that two TFP 
high-affinity sites exist on CaM in the presence of Ca?’’. 
Phosphorylase kinase activation assays on calmodulin 
fragments (Kuznicki et a/]., 1981) pinpointed that 
TFP-binding sites exist on a fragment containing the calcium 
binding sites I & II and on another fragment containing 
Sites III & IV, the first fragment however having a stronger 
affinity for TFP. A search through the primary sequence of 
CaM and TnC was performed in order to find possible helical 
Sites having two phenylalanines separated by 1 turn of 
helix. Figure V.10 shows 4 possible regions. The N-terminal 
regions of site I and III of both proteins are homologous 
for this short helical sequence while the beginning of the 
C-terminal of site II and IV are also quite similar and 


offer 2 other possibilities. Some evidence suggests that the 
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CaM site | -N terminal 
STnC site | -N terminal 


CaM site 3 -N terminal 
STnC site 3 -N terminal 


CaM site 2 -C terminal 
STnC site 2 -C terminal 


CaM site 4 -C terminal 
STNC site 4 -C terminal 


Fig. V.10 Homologous sequence regions of rabbit skeletal tropo- 
nin C and bovine brain calmodulin containing short 
helical regions involving two aromatic side chains 
separated by one turn of helix. Framed sequences re- 
present possible sites of hydrophobic interaction 
with the aromatic moiety of trifluoperazine. Arrows 
indicate the beginning and direction of helical regions. 
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N-terminal region of site I might be the other TFP 
high-affinity site. Rabbit skeletal troponin C has ten 
methionines, but upon dagit von ‘of 24 moles ofiicalcei.ium, 
methionine 25 is preferentially labelled by the hydrophobic 
fluorescent tag, dansylaziridine (Johnson et a/., 1978). 
This methionine is part of the hydrophobic segment of site I 
VPage V.10). THiS! result Suggests that’ this segment is 
selectively exposed in the presence of calcium. The 
C-terminal of site IV is a less probable choice since, the 
CaM tyrosine 138 ring proton resonances are not affected by 
the drug presence (Klevit et a/., 1981; Krebs and Carafoli, 
1982). It is thus doubtful that the drug reaches this part 
of itHetmolecule’ (Figs Vei0):. Thevoxidation’ of CaM 
methionines by chlorosuccinimide, in the presence of calcium 
Suggested that methionines 71, 72, 76 and possibly 109 were 
exposed in the Ca?*-saturated state (Walsh et a/]., 1978). 
This modified calmodulin showed a reduced ability to 
activate a CaM-dependent phosphodiesterase. Klevit et al. 
(1981) and Krebs & Carafoli (1982) have also observed by 'H 
NMR the shifting of methionines resonances of CaM in the 
presence of TFP to suggest that one of the drug binding 
sites was located near these methionines and thus our 
proposed site II region. However caution should be observed 
in making such an assignment since Walsh et al]. (1978) 


mentioned that the modified CaM secondary structure had been 
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altered significantly by the chemical treatment and the loss 
of regulatory activity may not be solely due to the oxi- 
dation of these particular amino acids. Krebs and Carafoli 
(1982) have also pointed out the possibility that the pheno- 


thiazine might bind to our proposed site III region. 


CG. INTERACTION OF NEUROLEPTIC DRUGS WITH A SYNTHETIC 


CALCIUM BINDING ANALOG OF RABBIT SKELETAL TROPONIN C 


fi. Conproversy rsurmounding ithe interaction ofeantipsycho- 
tic drugs with calmodulin 


Following the discovery of a calcium binding protein 
(calmodulin) which could be shown to activate both 
cAMP-dependent phosphodiesterase (Cheung, 1970; Kakiuchi and 
Yamazaki, 1970) and adenylate cyclase (Cheung et a/., 1975; 
Brostromeat cain rio Selon, 1978 s ebynch, (1976 in va Icalciums 
dependent manner, Levin and Weiss (1976) demonstrated that 
antipsychotic drugs inhibited the activation of cAMP phos- 
phodiesterase. Later, these same authors demonstrated that 
the phenothiazine antipsychotic trifluoperazine binds to 
calmodulin and troponin C in the presence of calcium (Levin 
and Weiss, 1977, 1978), and that several types of antipsy- 
chotic drugs such as the butyrophenones, diphenylbutylpipe- 
ridines, phenothiazines and thioxanthenes interact with 


calmodulin to a greater extent than did other psychoactive 
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drugs like the benzodiazepines, the tricyclic antidepres- 
sants, barbiturates, and adrenergic agonists and antagonists 
(Levin and Weiss, 1979). Since neuroleptically inactive phe- 
nothiazine derivatives such as promethazine and inactive 
phenothiazine metabolites such as the phenothiazine 
Sulfoxidessdid, not. bind. toscalmodulin: inna sagnificant 
amount, Levin and Weiss concluded that the binding of anti- 
psychotics to calmodulin may be the mechanism by which these 
drugs exert their pharmacological activity. However, three 
pieces of evidence suggest that the calmodulin binding 
hypothesis of antipsychotic drug action is questionable. 
Firstly, haloperidol, a butyrophenone, is a very active 
antipsychotic drug but only demonstrates a weak binding to 
calmodulin (Levin and Weiss, 1979). Secondly, the (+) 
stereoisomer of butaclamol is the only effective tranqui- 
lizer when compared to the (-) isomer (Seeman, 1977) whereas 
the (+) isomer was only 5-fold more active in binding to 
calmodulin (Levin and Weiss, 1979). Thirdly, the geometric 
isomers of the thioxanthenes have similar binding to 
Caumonuiun ANormanler ans, 1979) but didter vastly in their 


antipsychotic activity (Moller-Nielsen et a/., 1973). 


The nature of the drug interaction with calmodulin at 
the molecular level remains a major question. Some authors 
(Norman et a]., 1979; Raess and Vincenzi, 1980; Vincenzi and 


Ashelman, 1980; Roufogalis, 1980) feel that the 
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antipsychotic interaction with calmodulin is more in 
parallel with the hydrophobicity of the drugs and that the 
binding is a nonspecific hydrophobic interaction (Norman et 
avers 1S, iLaPorueieted) 1911980- dLandry "eéttal an91981; 
Roufogalis, 1981). However other groups have demonstrated 
that the hydrophobicity of drugs is not the only factor 
involved in making them potent calmodulin inhibitors (Weiss 


et al] +; 1982; "Prozialeckvand Weiss; 1982). 


We wanted to analyse using our model phenothiazine 
inaina Site if different classes of neuroleptic drugs 
interacted similarly with the site. We have synthesized 
analogs of site III of rabbit skeletal troponin C and 
particularly a 34-residue peptide (AcA°®*STnC(90-123) amide; 
chapters II and III) containing both the proposed trifluo- 
perazine binding site and a high-affinity calcium binding 
region (Reid et a/., 1980,1981). The calcium binding ability 
of this 34-residue fragment equalled that of CB9 and has 
proven to be a simpler model to examine the effect of a 
variety of neuroleptic drugs on the CD-detectable 
conformation and the Ca?*-binding properties of this calcium 


bindingsaunit. 
2. Circular Gichroism results 


A 34-amino acid residue peptide analog of calcium 


binding site III of troponin C and, by sequence homology, 


241 


Srcoeliiot calmodu min fig. V.11) has been tested, for tts 
interaction with representatives of four different classes 
of neuroleptic drugs. The butyrophenones, represented by 
benperidol and haloperidol could not induce any 
CD-detectable structural change in the peptide up to a 
GOncenaratlon ratio of’2.3/1, drug/peptide (rrg2 tv. 12). 
Earlier investigations (Levin and Weiss, 1979; Prozialeck 
and Weiss, 1982) has indicated that haloperidol did not bind 
to calmodulin as strongly as the phenothiazines. Thus the 
hydrophobic character of these drugs does not represent the 


sole criteria for a drug:peptide interaction in our caSe. 


Both of the thioxanthenes, cC/S- and trans-thiothixene, 
induced a small amount of structure in the peptide and this 
class was the only class tested that prevented the peptide 
Eromaresponding normally to the addition, of dcalciuum,) be. 
with an increase in CD-detectable structural change (Fig. 
V.12). The: possibility exists that the inflexibility of the 
Side chains linked to the tricyclic ring stpuctuner: bya 
double bond may have some effect on the ability of the 


drug- peptide complex to bind calcium. 


A third class tested, the dihydroinolones, a 
nonclassical group of neuroleptics represented by molindone 
(Kebabian and Calne, 1979), also failed to induce structural 


change in the peptide and did not affect the subsequent 
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Fig. V.12 Effect of various classes of drugs on the circular di- 


chroism spectrum of a synthetic peptide. Drug- and cal- 
cium-induced CD spectra of the 34-residue peptide; na- 
tive peptide (—), peptide + drug (°""), peptide + drug 
+ calcium (---). The peptide concentration was 0.43 mM. 
The chemical structures of the drugs are indicated be- 
neath the corresponding spectrum. The Kcg values of the 
peptide (in 1 mM drug) are indicated at the top of the 
corresponding spectrum. The Kcg value of the foes in 
the absence of drug is equal to 2.6 x 10° M-+ [chapter 
III}. The CD spectrum for peptide + calcium is identical 
to the one observed for peptide + calcium + TFP. ND, not 
determined. 
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structural change induced by addition of calcium (Fig. 
V.12). Finally, the phenothiazines represented by 
promethazine, enicsecentsine: trifluoperazine and 
fluphenazine induced structural change in the peptide ina 
manner correponding to their in vitro ability to inhibit 
phosphodiesterase activation by calmodulin (Levin and Weiss, 
1979; Prozialeck and Weiss, 1982) but had no effect on the 
Cas anguced structural change (Fig. V.12).: Note that: the 
calcium binding constant of this model peptide is equal to 
2.6 x 10°M”~' in the absence of drug (Reid et al]., 1981; 
chapter III). Except for the case of the thioxanthene 
isomers, the binding or presence of these drugs did not 
alter the calcium binding property of the synthetic analog. 
This observation is in agreement with proton magnetic 
resonance and circular dichroism results obtained for the 
binding of trifluoperazine to a cyanogen bromide fragment 
representing site III of rabbit skeletal troponin C (chapter 


V, section B). 


Tnilight of the interaction of calmodulin with a 
variety of peptides, proteins (Grand and Perry, 1980; Itano 
et al., 1980; Malencik and Anderson, 1982; 
Sellinger-Barnette and Weiss, 1982) and structurally related 
antipsychotics (Levin and Weiss, 1979; Prozialeck and Weiss, 
1982), it was concluded that all these structures share in 


common a hydrophobic and a positively charged domain (Weiss 
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€t al., 1982; Prozialeck and Weiss, 1982). The analysis of 
thes tritivoperazine bimaing Site of site TIll of rabbit 
Skeletal troponin C reveals that complementary hydrophobic 
and negatively charged centers exist and are optimally 
positioned when calcium induces the formation of an 
a-helical arrangement in the N-terminal region of the 


peptide. 


Differences in ellipticity induced by phenothiazines on 
the model peptide can be rationalized in terms of the 
distance separating the positively charged domain and the 
aromatic moiety of the drug, as postulated recently 
(Prozialeck and Weiss, 1982; chapter V, Fig. V.9). For 
instance, the positive charge on trifluoperazine can be 
associated with either of the nitrogens of the piperazine 
ring thus/placing thescharge at agdistance.oh, 45to. 7 
bondlengths from the aromatic center. The same holds true 
for fluphenazine, but in the case of chlorpromazine and 
promethazine, 4 and 3 bondlengths respectively separate the 


two centers. 


In conclusion, this section has pointed out the 
selectivity of a 34-residue synthetic peptide representing 
site III of rabbit skeletal troponin C for a particular 
class of neuroleptics and indicated its potential use as a 


phenothiazine selective binding region. 
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‘oe SUMMARY 


Trifluoperazine (TFP) was shown to interact with the 
cyanogen bromide fragment CB9 (residues 84-135) of rabbit 
skeletal troponin C and with a synthetic peptide repre- 
senting the N-terminal region of CB9. The phenothiazine did 
not affect the calcium binding property of CB9 as observed 
by proton magnetic resonance and circular dichroism spectro- 
scopy. The calculated calcium binding constants for CB9 in 
the presence and absence of trifluoperazine, were identical 
UkKeas= 03° x 110°M2 4) Localization of the trifluoperazine 
binding site was achieved by analysing the 'H NMR spectrum 
of CB9 and of a synthetic fragment corresponding to residues 
90-104 of CB9. Drug-induced shifting and broadening of the 
ring protons of phenylalanine residues and the methyl 
resonances of alanine, leucine and isoleucine residues, 
suggest that the segment 95 to 102 is in close proximity to 
the phenothiazine aromatic region. The neighboring negative 
Side chains in the peptide sequence also suggest that the 
Single positive charge present on the piperazine nitrogens 
of trifluoperazine may interact with them and sterically 
block a region of interaction of calmodulin (CaM) and 
troponin C (TnC) with modulated proteins such as phospho- 
diesterase. Primary sequence analysis of CaM and troponin C 


reveals that a homologous hydrophobic region to site III is 
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also found in the N-terminal region of site I of both 
Calrerun*binding proterms.Ppinding -of “TFP"Po'CBS foccurs in 
both the presence and absence of calcium since the hydro- 
phobic region in these small fragments is completely 
accessible to TFP whether calcium is present or not. The 
dissociation constant of the drug to apo-CB9 (8 UM ) was 
obtained by ellipticity measurements at 222 nm and was 
comparable to the 5 UM value obtained by Levin and Weiss 


(1978) for calcium-saturated rabbit skeletal troponin C. 


A synthetic peptide representing site III of rabbit 
skeletal troponin C (90-123) and by homology, site III of 
calmodulin (80-113), was tested for its ability to interact 
with representatives of four different classes of 
neuroleptic drugs. The effects of nine drugs examined on the 
CD spectra of the model peptide, could generally be divided 
into three groups. The first group consisting of 
representatives of the butyrophenone neuroleptic, 
haloperidol and benperidol, as well as the dihydroinolone, 
molindone and the phenothiazine antihistamine, promethazine, 
had no effect on the CD spectrum or calcium sensitivity of 
the apopeptide. The second group, composed of the 
structurally rigid thioxanthenes represented by ci/s- and 
trans-thiothixene, induced CD-detectable structural change 
in the apopeptide but prevented Ca’**-induced structural 


change. The third group, consisting of the phenothiazines, 
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chlorpromazine, trifluoperazine and fluphenazine, induced 
Structural change in the peptide in a manner corresponding 
to their in vitro ability to inhibit phosphodiesterase 
activation by calmodulin but had no effect on the 
Ca?*-induced structural change. It thus appears that the 
trifluoperazine binding site located in the N-terminal 
region of site III of rabbit skeletal troponin C 
demonstrates some structural selectivity for a particular 
class of neuroleptic drugs. Finally, this peptide may prove 


useful as a phenothiazine selective binding region. 
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CHAPTER VI 


COMMENTS ON THE STRUCTURE AND FUNCTION OF EF HANDS AND 
EXPERIMENTAL APPROACHES TO ACHIEVE A BETTER UNDERSTANDING OF 


THEEREDESIGN. 


A. PRIMARY SEQUENCE ANALYSIS AND FOLDING BEHAVIOR OF EF 
HANDS IN RELATION TO THE MECHANISM OF ACTION OF TROPONIN C 


AND CALMODULIN. 


The EF hand represents the major building block of key 
modulator proteins such as troponin C and calmodulin. When 
calcium binds to the EF hands of these proteins, it induces 
changes in the secondary and tertiary structure of TnC and 
CaM. These changes in turn, result in the formation and 
exposure of hydrophobic surfaces that are in close proximity 
Or represent binding regions to target proteins such as 


troponin I and phosphodiesterase. 


The functional role of an EF hand is dependent on its 
primary sequence which encodes for elements of secondary 
structure. For example, the secondary structure analysis of 
various EF hand containing proteins has indicated that 
helical regions are present on both sides of the calcium 
binding loop, that the C-terminal a-helical region is 


initiated in the loop region and that a f-turn region 
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separates both helical segments (Argos, 1977). The f-turn 
Probability 1S4parteciwwerlyshigh for the first four residues 
(ox vo tegron,)  Oretnendoop (Vogt ef al.) 1979). These 
results agree with the folding pattern of EF hands as 
observed in the crystal structures of carp parvalbumin 
(Kretsinger and Nockolds, 1973; Fig. 1.14) and bovine ICBP 
(Szebenyin.eb aluns ISelenhags lad 5d.2Onesshouldethus examine 
the possible features of EF hands that could describe the 


mechanism of action of these calcium binding proteins. 


i Generation of an average EF hand sequence 


The primary sequence of 30 different EF sites, 
exemplifying the six families of EF hand containing 
proteins, were aligned in order to trace common features to 
all EF sites (Fig. VI.1). Note that all sequences listed 
represent EF hand sites that bind calcium including 4 
sequences containing double amino acid insertion sites 
(Isobe and Okuyama, 1978, 1981; Hofmann et a/., 1979; 
Fullmer and Wasserman, 1981; Shelling et a/]., 1983; Mani et 
al., 1983). A general sequence pattern emerges from our 
analysis when one tabulates the type and frequency of amino 
acidtvat each poSitionsoer the ‘EF hand (Table, Vi-1). Note that 
the amino acids were grouped by order of polarity (Grantham, 
1974; Go and Miyazawa, 1980). We did not include in our 


tabulation, the inserted residues present in the S-100 and 
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DQONRNGI * IDKED 
DQONRDGF * IDKED 
DVDRDGF *VSKDD 


Double insertion sites 


METLINVFHAHS 
VVALIDVFHQYS 


GKEGDKYKLSKKE 
GREGDKHKLKKSE 
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Fig. VI.1 Primary sequence of thirty EF hands that bind cal- 
cium. Abbreviations: RSTnC, rabbit skeletal tropo- 
nin’: fiCollins 2e ata-0197/7iJs-BCInG; bovine cardiac 
troponin C [van Eerd and Takahashi, 1975]; BBCalm, 
bovine brain calmodulin [Watterson et al. , 1980]; 
TCalm, tetrahymena calmodulin [Yazawa et al. , 1981]; 
S-100a and S-100b, @ and & subunits of bovine brain 
S-100 proteins [Isobe and Okuyama, 1978, 1981]; 
Cparv, carp parvalbumin [Coffee and Bradshaw, 1973]; 
Rparv, rabbit parvalbumin [Enfield et al., 1975]; 
PICBP, porcine intestinal calcium binding protein 
[Hofmann et al. , 1979]; BICBP, bovine intestinal 
calcium binding protein [Fullmer and Wasserman, 
1981]; DINB, rabbit skeletal DTNB light chain 
[Collins, 1976]; CGRLC, chicken gizzard regulatory 
light chatn® fJakes ep cv. , 1976]; SRLC, scallop 
regulatory lohtechatn=[dakeswed ater 1976); *, 
insertion site. The italicized portion of the se- 
quence denotes the calcium binding loop region 
where X,Y,Z,-Y,-X, and -Z represent the calcium 
coordinating positions of the loop. The roman 
numerals indicate which of the native protein 
EF hand sites are listed. 
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ICBP sequences. The average amino acid sequence deduced from 


this*sequence analysis 1S/listed in Fig. VI.2a. 


a Composition of the calcium binding loop 


The primary sequence of a calcium binding loop (twelve 
residues) reflects more than just a series of ligands and 
Side chains designed to maximize the binding of calcium 
ions. The segment Asp,P,Asx,Gly,Asx,Gly where P is a 
positive side chain, represents the most conserved sequence 
of the EF hand site and is predicted to be a strong f#-turn 
forming reqion- (Chou and Fasman, 19786;--Cid ef al., 1983). 
The side chains of aspartic acid and/or asparagine residues 
represent calcium coordinating ligands at positions +X, +Y, 
and +Z (Fig /sVik2adun bnavaen Of thepfact that glutamic’ acid 
residues rarely occur in B-turn structures (Chou and Fasman, 
1974b, 1978) and are only present in this region of the EF 
hand in the case of distorted EF sites (site I of S-100a,b 
and ICBP's), one can conclude that other structural 
requirements besides the type of calcium ligand must be met 
inorder to,generate..a functional EF-hand. Whss,f-tunn 


region is shown in Fig. VI.2b as part of a model EF hand. 


The average sequence pattern in this part of the EF 
hand also points out the presence of conserved glycine 


residues which probably play an important role in the 
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Fig. VI.2 Primary sequence and folding pattern of EF hands. 
(A) Average sequence of an EF hand. The dotted 
lines denote regions of pseudo sequence homolo- 
gy. The coordinating residues in the sequence 
O€CCUDV POSIT 10S )..\...2.-).-Xoe od 72. 

(B) Representation of a model EF hand along its 
a-carbon backbone [Adapted from Kretsinger, 1977]. 
(C) Location of hydrophobic and charged domains 

in the helical regions of EF hands. Abbreviations: 
BH, bulky hydrophobic residue; N, negatively char- 
ged residue; P, positively charged residue; Ni, non 
jonic residue; ?, weakly conserved residue; Asp, 
aspanticwaGids ASX, aspartic, dcidyOrsasparagine: 
Gly, glycine; o represents a calcium binding loop 
residue while e is a residue located in the heli- 


cal regions. 
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construction of the f-turn segment (position 4) and 
represent an essential residue (position 6) that allows the 
peptide backbone to undergo a large change in direction in 
this part of the EF loop (Kretsinger, 1980) and permits the 
proper folding of ligands around the metal (chapter IV). 
Noticeable exceptions again include the distorted site I of 
Sula, Diana 1CBP stand ‘the defunct sites Il -and I11 of 
rabbit skeletal muscle alkali light chains (Frank and Weeds, 


1974+ Barker et al., 1978). 


Position 8 and to a lesser extent, position 10 of the 
EF loop region are conserved hydrophobic sites that offer a 
Natural extension to the hydrophobic region of the 
C-terminal a-helical region (Fig. VI.2c). Their presence in 
association with the C- and N-terminal hydrophobic surfaces 
may aid toward the dehydration of the calcium ion 
inner-sphere complex and suggest a global involvement of the 
EF site in a metal dehydration process. This explanation 
appears more plausible than the dehydration mechanism 
proposed by Reid and Hodges (1980) which only involves the 
residues at positions 7 (least conserved site of the loop) 


and 10 of the EF loop. 


The omnipresence of a glutamic acid at position -Z 
(Table VI-1) may well be linked to its frequent occurrence 


in a-helices (Pa, 1.53; strong a-former; Chou and Fasman, 
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1978) as compared to aspartic acid (Pa, 0.98; a-helix 
indifferent). In addition, the side chain length at this 
position (+iZ)umayrirepresent) avicrit ical: factors ink thevability 


of calcium to induce part of the C-terminal helix. 


Jie Composition of the C- and N-terminal regions 


Another striking feature from this analysis is the 
internal sequence homology between the N- and C-terminal 
a-helical regions (Fig. VI.2a; dotted line regions). 
Kretsinger (1977, 1979) pointed out the presence of 
regularly spaced hydrophobes in the helical regions of EF 
hands. The internal sequence homology is best emphasized in 
the case of site III of rabbit skeletal troponin C where the 
homologous segments EELAECFR and EELAEIFR are present on 
opposite sides of the calcium binding loop (Fig. VI.1). From 
the average sequence, we notice that these pseudo-homologous 
regions are composed of an ordered array of charged and 
hydrophobic residues. Considering the a-helical nature of 
these two regions, one realizes that the spacing of the 
hydrophobes will place these side chains on the same side of 
the helix, creating hydrophobic surfaces on both sides of 
the calcium binding loop. A similar observation can be made 
for charged residues in the N-terminal region of the EF 
hand. Figure 2C depicts the position of hydrophobic and 


charged surfaces on a model EF hand domain. Kanehisa and 
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Tsong (1980) pointed out the frequent occurrence of this 
feature in globular proteins. They conducted a study on the 
secondary structure of 47 globular proteins which indicated 
that helices are generally found nearer to the surface of 
proteins and tend to have hydrophobic and hydrophilic 
surfaces on opposite sides of their helices as a result of 


an alternating sequence of hydrophobic and charged residues. 


Our group has demonstrated using synthetic peptide 
analogs of site III of rabbit skeletal troponin C that the 
formation of a calcium:peptide complex is concomitant with 
the induction of helices in parts of these regions and that 
the presence of a-helices prior to calcium binding (presence 
of trifluoroethanol) enhances the affinity of the site for 
calcium (chapter III). The removal of these helical regions 
however leads to a large decrease in the ability of the 


resulting EF hand site to interact with calcium. 


In summary, the primary sequence of a protein 
represents a degenerate code, in relation to its ability to 
code for elements of secondary structure. This statement 
implies that a moderately substituted sequence as in the 
G@ase of EF hancs, can.still retain its basic Structural 
properties and folding pattern. In addition, although all EF 
hands possess potential hydrophobic and charged domains, 


their formation and exposure remains a function of calcium 
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concentration and of the tertiary structure of the protein. 


4. Importance of the EF hand structure in the function of 


Cr ey 


calcium binding proteins 


It has recently become clear, that the mechanism of 
action of calmodulin correlates with the calcium-induced 
exposure of hydrophobic patches on its surface (LaPorte et 
al., 1980; Tanaka and Hidaka, 1980, 1981: Johnson, 1983). 
The presence in solution of various aromatic ligands such as 
antipsychotic drugs (Levin and Weiss, 1977, 1978, 1979; 
Procialeck and Weiss, 1982) and W compounds (Hidaka et al., 
1978) effectively inhibits the interaction of this modulator 
protein with target enzymes. The localization of a 
phenothiazine binding site in the N-terminal region of site 
LiL .of nabbit skeletal teoponin..c w(chapter V)siand probably 
bovine brain calmodulin (Head et a]., 1982) indicates that 
target proteins may recognize a helical arrangement of 
hydrophobic and negatively charged side chains (chapter V). 
It was demonstrated using a W-7-coupled Sepharose column or 
a phenothiazine-Sepharose conjugate, that hydrophobic 
regions on rabbit skeletal troponin C and bovine brain S~-100 
proteins are also exposed in the presence of calcium (Endo 
6t..a).,.1981: Marshak et al..,, 1981). It«should be noted that 
Carp parvalbumin and chicken ICBP failed to interact with 


the phenothiazine-bound matrix, in the presence of calcium 
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(Marshak et a]., 1981). 


Finally, spectroscopic studies on rabbit skeletal 
troponin C and its fragments (Leavis et a/]., 1978; Nagy et 
al., 1978; Nagy and Gergely, 1979; Levine et al., 1977; 
Evans et al., 1978; Johnson et a]., 1978; Carew et al., 
1980) have indicated that the binding of calcium to the 
calcium specific sites of troponin C (regulatory sites) 
results in changes in the tertiary structure of the protein 
and the exposure of hydrophobic site(s) but, has little 
effect on the secondary structure of the protein. These 
regulatory sites probably possess some partly formed helices 
(Leavis et a]., 1978; Nagy and Gergely, 1979; Reid et al., 
1981) having their hydrophobic surfaces buried and it is the 
binding of calcium to these Ca?*-binding sites that locally 
exposes the hydrophobic and charged domains. Similar 
conclusions can be drawn for calmodulin (Klee, 1977; LaPorte 
et al]l., 1980; Tanaka and Hidaka, 1980, 1981; Drabikowski et 
al., 1982: Johnson, 1983). The extent of exposure of these 
hydrophobic sites varies, as exemplified by the reduced 
exposure of the hydrophobic Gonatne) of Tetrahymena 
calmodulin in comparison to bovine brain calmodulin (Inagaki 
et al]l., 1983). One should note that none of the 11 
substitutions observed (Yazawa et a/]., 1981) when comparing 
the sequence of these two calmodulins results in the loss of 


hydrophobic residues. However, these two calmodulins are 
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equally able to activate enzymes such as adenylate cyclase, 
NAD and myosin light chain kinases, but differ in their 
ability to modulate phosphodiesterase and guanylate er 
(Kudo et al]., 1982). A similar conclusion can be made when 
one compares the ability of troponin C to substitute for 
calmodulin in activating phosphodiesterase (Potter et al]., 
1977) .-Thus, the action of calcium on these EF hand 
containing proteins is not limited to the induction of 
a-helical regions and the formation of hydrophobic and 
charged surfaces but lies also in its ability to properly 


expose these sites. 


a0 Conclusions on the mode of action of EF hand containing 


proteins 


In conclusion, we propose that 


a) The primary sequence of EF hands codes for elements of 
secondary structure such as C- and N-terminal helical 
regions flanking a B-turn segment. The calcium binding loop 
spans over the f-turn and the beginning of the C-terminal 
helix and is composed of an arrangement of properly 
positioned calcium binding ligands. The calcium binding 
affinity of an EF hand however remains largely a function of 


the tertiary structure it adopts as part of a protein. 


b) EF hands possess homologous hydrophobic domains flanking 
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both sides of their calcium binding loop. In the presence of 
calcium, parts of the C- and N-terminal regions of an 
isolated EF hand adopt an a-helical arrangement thus 
optimizing the geometry of their hydrophobic and charged 


domains. 


c) In the case of EF hand containing proteins, these N- and 
C-terminal a-helical regions may be preformed in the absence 
of calcium. These regions are differentially exposed in the 
presence of calcium so that proteins such as parvalbumin and 
ICBP do not expose these sites upon calcium binding while 
troponin C and S-100 protein only partly expose these 


domains in comparison to calmodulin. 


e) The degree of exposure of these hydrophobic and charged 
domains may explain the selective affinity of Tetrahymena 
calmodulin for guanylate cyclase, bovine brain calmodulin 


for brain phosphodiesterase, and troponin C for troponin I. 


6. Origins of the ancestral EF hand gene ? 

The examination of double insertion sequences (Fig. 
VI.1) reveals that these insertions are positioned at the 
beginning and at the end of the f-turn region. This suggests 
that a DNA segment coding for this region would have been 20 
to 30 nucleotides. In addition, the sequence homology 


between the C- and N-terminal regions indicates that both 
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regions could have been coded for by the same DNA fragment 
(~ 30 nucleotides). Based on these two premises, one can 
speculate that the ancestral EF hand gene probably arose 
from the duplication of a ~30-nucleotide fragment coding for 
an a-helical domain (Fig. VI.3a). The insertion of a 
~30-base segment coding for the B-turn region of the EF 
hand, may then have followed this initial duplication step. 
Alternatively, the initial fragment may have coded for a 
~60-base long Joop-helix domain (Fig. VI.3b). Following an 
initial duplication step, the resulting nucleotide sequence 
evolved through a partial sequence deletion to the ancestral 
EF hand gene sequence. Although one intuitively imagines the 
ancestral EF hand gene has coding for an helix-loop-helix 
domain, the ~120-base long intermediate (Fig. VI.3b) of 
scheme B, may represent the real ancestral gene. The 5' end 
of this intermediate sequence would provide a rationale for 
the coding of spacer regions between EF hand domains. Argos 
(1977) noticed the strong B-turn character of these spacer 
sequences. The crystal structures of carp parvalbumin 
(Kretsinger and Nockolds, 1973) and bovine ICBP (Szebenyi et 
al., 1981) clearly indicate the presence of a turn region 


between their respective EF hands. 
B. FUTURE DIRECTION OF THE PROJECT 
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The major obstacles in studying the structure and 
function of EF hands have been technical ones. For example, 
the uncertainties surrounding binding constant values 
measured by CD, fluorescence and NMR techniques are often 
large in the case of low affinity calcium binding sites (10? 
to 10°M''). Thus, any conclusions relative to the effect of 
amino acid substitutions on the observed metal binding 
constant of a site, will remain speculative unless the 
analogs investigated vary significantly in their ability to 
bind calcium (10 fold difference for example). Attempts to 
lenghten the peptide to 30-35 amino acids, will improve 
Gramatically the calcium binding affinity of a site (chapter 
III) but represent a difficult synthetic task, especially if 


several peptide analogs are to be synthesized. 


In view of the Strong binding of lanthanides to a 
13-residue long analog of a calcium binding loop (chapter — 
IV), the use of lanthanides as calcium analogs may prove to 
be an excellent approach for the study of ligand 
requirements at the level of the EF loop. However, we have 
observed variations in the folding pattern of our model 
peptide around different lanthanides such as lutetium and 
lanthanum (chapter IV). One should thus pursue the 
elucidation of the structure of the lanthanide:peptide 
complex in solution before pursuing the synthesis of other 


analogs. The study of individual loop regions could lead to 
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artifactual results due to the absence of a-helical regions. 
Finally, the titration of our peptides with lanthanides such 
as terbium and ere ees leads to an excessive broadening 
of the proton resonances (unpublished results). This factor 
limits the usefulness of several lanthanides, when used in 


conjunction with nuclear magnetic resonance techniques. 


2. Key questions to answer 


Attempts to solve the solution structure of our short 
Were taice cectice complex should be pursued. However, the 
analysis presented in the first part of this chapter 
indicates that one should try to answer questions relating 
to the overall secondary structure of the EF site. This 
implies the synthesis of longer analogs (30 to 35 residues). 
Although there exits an endless array of sequence 
permutations, our strategy should be to make analogs having 


altered helical domains or an altered f-turn region. 
QUESTIONS 


a. Does the binding of calcium induce the formation of 
an helical segment in the C-terminal region of the EF hand ? 
and 

Di What is the importance of the C-terminal region, in 


relation to the calcium binding affinity of the site ? 
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Since the starting point of the C-terminal a-helical 
region is at position 10 of the calcium binding loop, one 
needs to synthesize EF hand analogs lacking part of the 
C-terminal helix (beyond the -Z coordinate) to verify these 
issues. Another approach would be to synthesize a peptide 
containing helix breaking residues such as glycine, proline, 
tyrosine or aSparagine. Note that a single residue 
Substitution may not be sufficient to break a folding 
pattern as observed in the case of a proline substitution in 
Site re of Calmodulin *(FIgy VPPT) S*Finally/; “such 
substitution(s) should be made beyond the -Z coordinate to 
avoid artifacts from perturbing the calcium binding loop 


region. 


CG. Does the presence of hydrophobic and charged 
surfaces on the helical regions represent parts of 
recognition sites for target proteins or for other parts of 
the protein or, are these regions involved in the calcium 


binding process or both ? 


Analogs where hydrophobes and charged residues are 
substituted by a small strong a-helix forming amino acid 
such as alanine, should be informative since the helical 
nature of these regions would be maintained, but not the 


hydrophobic or charged domains. 
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a. What is the importance of the f-turn region ? 


Figure VI.1 lists EF hand sequences where two 
additional residues have been inserted in the highly 
conserved f-turn region of their calcium binding loop. 
Although these sites retain their ability to bind calcium, 
the geometry of the B-turn generated is different from the 
one observed in the carp parvalbumin model (Szebenyi et al., 
1981; Fig. 1.15). An analog of site I of bovine intestinal 
calcium binding protein may represent an interesting model 
peptide to study this aspect of the EF hand since this site 
is known to bind calcium strongly (10°M~'). Alternatively, 
one may work with analogs of site III of rabbit skeletal 
troponin C and attempt to substitute one or more weak f#-turn 
formers in this region without removing or adding any ionic 
ligands. Individual and simultaneous substitutions at 
Position 2 .0Arg ito: Leu) and +Y (Asn to«Gln) of the loop 
region, should prove sufficient to disrupt the turn region. 
The conserved glycine residue at position 6 appears to be 
Cuiticalpion the atunn ito thelix transition, although its 
presence may also be a function of its proximity to the 
N-terminal helix. Its substitution by alanine (good helix 
former) or leucine (bulky side chain; good helix former) may 
provide some information about its importance in the folding 


behavior of the EF hand. 
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e. How to study protein:peptide interactions involving 


the helical domains of EF hands ? 


Attempts to answer questions relating to the 
interaction of the helical regions of EF hand sites with 
target proteins have faced several technical problems often 
linked to the relative weakness of the interaction involved. 
One should briefly revise the strategy used in the study of 


Such interactions. 


Firstly, the sequence of site III of rabbit skeletal 
troponin C was our initial choice as a model site. However, 
Sites I and III of bovine brain calmodulin offer a similar 
sequence and probably possess a binding domain to a wider 
variety of peptides and proteins (including TnI) as 
indicated recently by Malencik and Anderson (1982). 
Synthesis of calmodulin analogs may prove necessary if one 


wishes to pursue such interaction studies. 


Secondly, the weakness of these interactions makes 
techniques such as gel filtration and urea PAGE, inadequate. 
One should use radioactively labelled peptides 
(I'?5-iodination of a tyrosine residue for example) and 
techniques such as PAGE in non-denaturing conditions or 
affinity chromatography using a target protein linked to a 


sepharose matrix. Alternatively, the labelled peptide may be 
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left to interact in the presence of calcium, with the matrix 
of a fluphenazine-bound Sepharose column (Head et al., 
1982). Following this step, a target protein would be loaded 
on the column and would then compete with the phenothiazine 
matrix for the drug binding site on the labelled peptide. 
Note that natural fragments of calmodulin could be used for 


Enis. work; 


Attempts should also be made to prepare a calmodulin 
affinity column. Then chemical and enzymatic fragments of 
troponin I, myelin basic protein, histone H2B or the B 
Subunit of phosphorylase kinase should be tested for their 
ability to interact with calmodulin in the presence of 
calcium, since all these proteins share a partial sequence 


homology (Malencik and Anderson, 1982). 


The essential goal of this work would be to locate the 
site of interaction of these target proteins on calmodulin 
and troponin C and to prove that the terminal helical 
regions of these EF hands are directly involved in.the 
mechanism of action of EF hand containing proteins. Analogs 
of calmodulin EF hands lacking hydrophobic and negatively 


charged domains should confirm this hypothesis. 
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APPENDIX 


When a diamagnetic lanthanide such as lanthanum or 
lutetium is bound to a peptide, it may alter the relaxation 
times T, and T, of nuclei in the peptide. If the 
paramagnetic lanthanide gadolinium is used in the place of 
La** or Lu**, there will be an additional large contribution 
to the relaxation rates from the unpaired 4f electrons on 
the metal ion. It is this difference in relaxation rates 
between La°*®* and Gd** for nuclei in the metal peptide 
complex that we wish to extract and analyse in terms of the 


geometry of the complex. 


The Solomon-Bloembergen equations (Solomon, 1955; 
Bloembergen, 1957) relate the observed increase in 
relaxation rates of a nucleus in the metal:peptide complex 
caused by the unpaired electrons on gadolinium to the 


distance between the nucleus and the metal. 
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where the symbols in these equations are defined as follows: 
wW, and Wo are the nuclear and electronic Larmor precession 
frequencies; g, the Landé g-factor; A/h, the scalar 
electron-nuclear hyperfine interaction constant; J , the 
total angular momentum for the Gd** ion (7/2); B, the Bohr 
magneton; y , the nuclear neGretcayric ratio; r, the metal 
to nucleus distance; T, and t,, , the correlation times for 
the dipolar interaction and the contact interaction, 


respectively. 


Two Simplifications reduce the apparent complexity of 
these two expressions: 


1) The term w. iS greater than y. since the electronic 


S I 

magnetic moment is 654 times larger than that of the proton. 
2) The scalar terms in both expressions are assumed 

insignificant as demonstrated by temperature variation 


studies (Bernheim et a/]., 1959; Dwek et a/]., 1971; Reuben et 
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mne quantity” ty? p- ged (Jt1)9715thas a*valtie-of°27583"x 


fO°" sw" k**(Marinéetti et al.;°1976), so that the two 
expressions can now be rewritten in terms of only two 


unknowns, i and rp 
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and the ratio of the relaxation times is given by the 


expression 


Tem =" 7 ° 4 et (5) 


Given that the quantities 7,m and T.m can be obtained 


for a selected number of proton resonances from gadolinium 


relaxation experiments, one can determine the correlation 


time tT. of the dipolar interaction from equation (5). This 


later value can then be used to solve equations (3) or (4) 


for the metal to proton distance involved for each nucleus 


studied. 


The quantities 1/7,m and 1/T.m are obtained in this 
case under the assumption that the metal binding to the 


peptide is in the NMR fast-exchange limit. In this limit 
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the relaxation rate 1/7., for example, for peptide nuclei in 
the La*®**:peptide solution is given by 
Lee bes 7 ter LP) At abPM) (6) 


ts Pol2p Pol apm 


where 7,p and 7,pm are the spin-spin relaxation times for 
the free peptide and the diamagnetic metal ion peptide 


complex, respectively. 


In the presence of a very small amount of gadolinium 
such that the fractional saturation of the peptide is 
unchanged, and with the additional assumptions that the 
binding constants for La’*®* and Gd** are equal, that the 
complexes are isostructural, and that exchange is fast 
enough that the NMR spectrum is still in the fast-exchange 


limit for Gd?*, the relaxation rate 1/7, becomes, 
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drtd Laty +Gdeciieta wi on [PM ita+cf PM) [Gd], (7) 


Ty PLT PoT zp, ((Gd].+[Lal]o) 


1/T2m is then obtained from the slope of a plot of 
l/ia (Ga? 4Gd:" \wavceeepeptide bound to Gd°~ and similarly 


for 1/Je,.m- 
Propagation of error 


The uncertainty surrounding the 7.m estimates is the 


result of the indeterminate error associated with the slope 
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measurements from 1/7, vs %Gd** bound plots. A 90-percent 
confidence interval was thus calculated for each T.m value 
determined, taking in account the standard deviation 
associated with each linear regression and the number of 
data points used to construct each plot (Hoel, 1971). A 
Similar approach for the measurement of the uncertainty 
associated with 7T,m values was difficult because of the 
small number of data points involved in these plots (reduced 
degree of freedom in the Student's t distribution) and the 
large standard deviation associated with the regression 
analysis of 1/7, vs %Gd*°* bound as compared to the plots 


involving 7. values. 


The standard deviation obtained from averaging the 
observed 7,m/T.m values was used to estimate the error 
Surrounding the averaged correlation time value. The 
uncertainty associated with distance measurements was then 
calculated from the errors surrounding the 7.m and 
estimates. The distances calculated from 7,m values 


represent gross estimates having an uncertainty of more than 
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